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From direct synthesis to self-organization & additive technologies
The rapid development of organic chemistry and catalysis has 
provided outstanding chemical tools to build complex mole­
cular architectures that were never possible before. In spite of 
amazing progress in studying individual molecules and reac­
tions, practical applications are limited due to the high cost of 
newly developed technologies and the difficulty in understanding 
the processes at the molecular level. Herein, we summarize 
our first steps and experiences carrying out an ongoing project 
on organic and hybrid molecular systems that highlights new 
fascinating opportunities and identifies future challenges.
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Introduction
Conceptual breakthroughs described in recent decades have sub­
stantially influenced our understanding of reactions and processes 
involving organic molecules. The unique capability to manipulate 
molecules and matter,1 new concepts in reaction discovery,2 
the transition from biochemistry and nanotechnology to neuro­
science,3 and chemical interactions in microbiomes4 – just to 
name a few. Tuning the molecular complexity and the synthesis 
of complex organic molecules with atomic precision have emerged in 
response to the increased demand for new organic molecules.5–7 

The rapid exploration of new areas of modern science would 
not be possible without paramount instrumental development 
of  analytical methods and high-end research hardware. Many 
sophisticated analytical methods that were difficult to use in the 
past have now become routine toolboxes.8 Incorporating cutting 
edge analytical tools based on NMR spectroscopy, mass spectro­
metry and electron microscopy into everyday research practices 
has provided important insight into previously impossible to 
resolve mechanistic questions. A target-oriented approach directed 
the efforts toward the construction of a universal system for 
performing mechanistic studies.9

Recently, we have launched an initiative to develop rational 
concepts for designing new organic and hybrid molecular systems 
in view of creation of practical technologies and sustainable 
development.10 An attempt to define a unified concept to access 
complex molecular architectures has identified a few key-points 
that are critical for progress in this area. This is not a regular 
literature review; instead, in this focus article, we briefly sum­
marize the experiences gained as we make progress with the 
ongoing project and discuss challenging problems that may be 
solved in the near future. We believe that the discussion of future 
challenges is needed to stimulate research in this area.

Small organic molecules
A rational algorithm for developing organic and hybrid molecular 
systems commonly includes the consecutive building of mole­
cular complexity via the step-by-step combination of relatively 
simple structural fragments into more complex hierarchical 
structures. It is based on organic synthesis as a power tool for the 
formation of chemical bonds between these fragments. From a 
number of the known synthetic approaches, those are preferable 
that allow putting together starting units selectively, while keeping 
the other functional groups unchanged. Furthermore, novel, 
efficient, and environment-friendly fine catalytic methodologies 
that would not produce waste when used in industrial applications 
(atom-economy) are highly desirable.11 In this section, some 
modern synthetic approaches to the formation (in particular, enantio­
selective formation) of carbon–carbon, carbon–heteroatom and 
heteroatom–heteroatom chemical bonds that substantially meet 
these criteria are briefly considered conformable to different types 
of relatively small, practical organic molecules.

The first example relates to 1,2,3,4-tetrazine 1,3-dioxides – 
a perspective class of polynitrogen organic compounds with an 
unusual combination of alternated nitrogen atoms and N-oxide 
fragments.12 According to theoretical studies, hypothetical tetrazino-
tetrazine 1,3,6,8-tetraoxide (TTTO), which belongs to this class, 
should be ranked among the most powerful explosives.13 Further­
more, due to the presence of the unique system of semi-polar 
nitrogen–oxygen bonds, TTTO may act as an efficient NO-donor 
for medicinal applications.14 Recently, interesting synthetic 
approaches to compounds 1 and 2, which are considered to be 
close precursors to TTTO, have been proposed (Scheme 1). 
Precursor 1 was synthesized by the cleavage of the aromatic ring 
in the benzotetrazine 1,3-dioxides 315 bearing electron-donating 
substituents with ozone, followed by the acidic treatment of the 
primary reaction product (Scheme 1).16 The synthetic strategy 

used to create compound 2 included coupling bis(tert-butyl-
NNO-azoxy)methane 4 with dimethyl nitrodithioimidocarbonate 
5 in the presence of NaH to create N-nitroimine 6, and then 
compound 6 was transformed to the target molecule 2 with a 
sequence of O-alkylation and ring closing reactions.17 This 
strategy led to the formation of new C–C and N–N bonds in 
compound 2 bearing ortho-located diazene-N-oxide and methyl­
thio groups, which were needed for further target-oriented syn­
thesis. The X-ray diffraction studies of 1 and 2 confirmed the 
crystal structures of these important molecules. The next and 
most challenging step will be the conversion of 1 and 2 to TTTO. 
It is expected that the synthesis of TTTO would experimentally 
confirm the theoretical hypotheses and provide a clue as to how 
to prepare other prospective nitrogen-oxygen systems.18 

The most impressive trends in modern organic synthesis are 
the domino and cascade reactions that allow one to achieve a 
simple one-pot formation of two or more chemical bonds.19 
Among them, the multicomponent reaction strategy has suf­
ficient advantages over conventional step-by-step synthesis due 
to its flexible, convergent and atom efficient nature.20 Recently, a 
convenient one-pot multicomponent synthesis of 5-C-substituted 
chromeno[2,3-b]pyridines 10 from salicylaldehydes 7, 3-phenyl­
isoxazol-5(4H)-one 8 and malononitrile dimer 9 was reported 
(Scheme 2).21 The best yield of product 10 was attained in 
boiling pyridine, which served as a  solvent and a mild base 
simultaneously. The cascade process was most likely started by 
Knoevenagel condensation between aldehyde 7 and carbon acid 
8,  followed by the subsequent reaction of 9 with adduct A to 
afford anion B. Then, two intramolecular cyclizations of inter­
mediates B and C completed the synthesis of target molecule 10. 
In total, four new chemical bonds (two C–C, one C–O and one 
C–N) were formed during this interesting pot, atom and step 
economy (PASE) transformation. The prepared functionalized 
chromeno[2,3-b]pyridines are analogues of the known protein 
kinase 2 inhibitors and compounds that suppress the expression 
of TNFa and U937 cells.22

Over the past decade, excellent opportunities for the design of 
practical and important organic and hybrid molecular systems 
have been offered by intensively developing methodologies of 
asymmetric organocatalysis.23 In the presence of small metal-
free chiral organic molecules (a-amino acid or cinchona alkaloid 
derivatives, BINOL phosphoric acids, and other types of chiral 
molecules), available prochiral and racemic reagents can be easily 
converted into chiral products of high molecular complexity in 
high yields and with excellent enantioselectivities. However, the 
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majority of organocatalysts are substantially less active than 
organometal catalysts and enzymes due to the absence of an 
activator metal. These expensive (especially for the ‘unnatural’ 
configuration of stereocenters) and difficult-to-recycle chiral com­
pounds should be used in an amount of up to 30 mol%, which 
significantly limits their application in the pharmaceutical industry. 
Therefore, the development of simple, active and sustainable 
organocatalysts and catalytic systems is still a challenge.24

Recently, a novel approach to solve this problem has been 
proposed. It is based on the linkage of two chiral catalytically 
active fragments using the C2-symmetrical (1,2-diaminoethane-
1,2-diyl)bis(N-methylpyridinium) group.25 This group not only 
facilitates catalyst recovery by creating a heterogeneous reaction 
environment but also plays an important role in the stereoselection 
process. This pattern has produced the highly recyclable organo­
catalyst 11 for asymmetric cross-aldol reactions in ketone–ketone, 
ketone–aldehyde, and aldehyde–aldehyde systems under neat 
conditions (Scheme 3). The reaction products, chiral a-hydroxy 
g-keto esters 12, are useful precursors to the natural compound 
analogues 13 and active pharmaceutical ingredients.26 The novel 
catalyst retained high activity and excellent stereoselection over 
the more than 830 h operating period. Hopefully, (1,2-diamino­
ethane-1,2-diyl)bis(N-methylpyridinium) and similar C2-symmetric 
chiral fragments27 would be a suitable platform for designing a 
series of highly efficient recyclable hybrid catalysts for various 
asymmetric reactions, including those that produce pharmacology-
oriented organic nitrogen-oxygen systems.

On the other hand, C1-symmetrical bifunctional chiral diamines 
may serve as efficient catalysts of asymmetric cascade (domino) 
PASE reactions, which are considered an extremely prospective 
approach to the synthesis of complex enantiomerically enriched 
compounds.28 These reactions are even more attractive from the 
green chemistry viewpoint when inflammable, non-toxic and 
easy-to-evaporate dense gases are used as the reaction media.29 
Among them, carbon dioxide, an available natural gas with a low 

critical point (31.1 °C/73.8 bar), attracts considerable attention 
and has many applications for catalytic30 and, particularly, organo­
catalytic reactions.31 Recently, the first asymmetric organocatalytic 
domino reaction in a supercritical (sc) fluid was reported. In 
the  presence of bifunctional quinine-derived squaramide 14, 
o-(N-tosylamino)phenyl a,b-enones 15 reacted with a-nitro­
alkenes 16 in the sc-CO2 medium to create pharmacological tetra­
hydroquinolines 17 with very high diastereo- and enantioselec­
tivity via the one-pot domino sequence of intermolecular N-Michael 
(1) and intramolecular C-Michael (2) steps (Scheme 4).32 The 
tetrahydroquinoline fragment is an integral part of a number of 
natural and artificial bioactive compounds. Among them is angu­
stureine, which was isolated from the bark of a South American tree, 
Galipea officinalis; it exhibits anti-mycobacterial and anti-malarial 
activities.33 Martinellic acid and martinelline, extracted from the 
tropical plant, Martinella iquitosensis, are potent antagonists of 
bradykinin receptors and are used as an eye medicine to treat 
conjunctivitis.34 Other applications of dense gases and sc-fluids 
to asymmetric organocatalysis may result in the development of 
novel resource-saving and environment-friendly technologies35 
for the industrial production of enantiomerically pure active 
pharmaceutical ingredients.36 

Bioorganic molecular and hybrid systems
The highest level of complexity and variable functionality was 
found in the bioorganic frameworks that stimulate interdisciplinary 
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studies of 3D molecular systems bearing synthetic and natural 
bioorganic ligands, including proteins and oligopeptides, oligo­
saccharides and polysaccharides (often referred to as glycocom­
pounds), steroids, and lipids, among others.10 During the past 
year, key attention within discussed project was paid to the syn­
thesis of glycoligands and glycoscaffolds and further design of 
molecular systems that were directly related to the development 
of novel drugs, vaccines and diagnostic systems.37–39 A critical 
step in the preparation of oligosaccharide compounds relates to 
the stereoselective construction of glycoside bonds, and first of 
all of glycoside bonds with 1,2-cis-stereochemistry. The results 
of the detailed investigation of the stereocontrolling effects of 
remote O-acyl substituents40 have been summarized in reviews41,42 
and applied to the assembly of penta-43 and longer homo-a-
(1®3)-oligoglucosides related to a-(1®3)-glucan of Aspergillus 

fumigatus. They were obtained within the program with the sys­
tematic syntheses of key fungal cell wall carbohydrate antigens, 
particularly the oligo-b-d-mannooligosaccharides44 related to 
the antigenic factor 6 of Candida (see structures 28, 31, 33, 35 
and 37 in Figure 1), and 2-amino-2-deoxy-a- or -b-d-galacto­
pyranosylated structures prepared via a novel synthetic approach 
based on glycosylation by phenyl 2-azido-2-deoxy-1-seleno-a-
d-galactopyranoside derivatives.45

Recently, there has been a special interest in the development 
of a straightforward synthesis of hybrid glycostructures that have 
carbohydrates and other functionalities as potential pharmaco­
phore groups. In this context the syntheses were performed of 
first discovered pyridine α-nucleoside Neopetroside A from a 
marine Neopetrosia sp. The sponge and its b-riboside analogue46 
(Figure 2), as well as a series of cyanogenic glycosides, including 

Figure  1  Principal scheme of the stereoselective assembly of oligo-b-d-mannooligosaccharides related to the antigenic factor 6 of Candida.
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R-prunasin, S-sambunigrin and R-amygdalin47 plant toxins, are 
known as cyanogens. Neopetroside A exhibited a very promising 
profile of biological activity to serve as a basis for novel drug 
development. On the contrary, in spite of previous publications 
(for review see ref. 48), the cyanogenic glycosides, including 
most known of them – amygdalin, demonstrated low activity, 
which was surprising because such compounds are used in dif­
ferent traditional medicines, and amygdalin has been even found 
in the illegal anticancer market.

Another challenging aspect in the synthesis and investigation of 
biomolecular systems was connected to the design of oligodentate 
structures bearing a defined amount of repeated functional elements 
linked to low-molecular-weight scaffolds toward biomolecular 

systems with distinct structure and the desired 3D architecture. 
Recently proposed cyclooligo-b-(1®6)-d-glucosamines49,50 can 
be regarded as the scaffolds of choice due to their optimal func­
tionality and stereochemical organization. They were applied 
as the basis of blockers of oligodentate bacterial adhesins51 and 
artificial ion channels.52 Further studies in this direction permitted 
to design the exceptional examples of stable and selective artificial 
ion channels shown in Figure 353 in addition to other modern 
examples of molecular systems of this type.54 

Natural polysaccharides are indispensable structural elements 
to design molecular systems. The practical use of sulfated seaweed 
polysaccharides, which exhibit a very high affinity to cellular 
receptors, is limited due to the structural irregularity of this type of 
biopolymer. That is why the development of reliable approaches 
for their transformation into regular structures is also challenging. 
In this context, an efficient method to transform irregular O-sulfated 
and branched fucoidan from Punctaria plantaginea seaweed into 
a per-O-sulfated linear analogue [Figure 4(a)] using a subsequent 
chemical treatment was proposed.55 It provided a standard and 
easily characterized polymeric product that exhibited high anti­
coagulant activity possibly due to ability of the polymer to form 
a ternary complex with thrombin and ATIII that was demonstrated 
with computer modeling [Figure 4(b)]. The obtained linear polymer 
can be applied as drug substances,56 a building block for designing 
more complex molecular systems of higher generation, and parti­
cularly as the ligands for contrasting agents for MRI, PET, and 
other diagnostic technologies.57–59 

Heterogeneous catalysis and surface science
Hybrid materials provide unique opportunities to demonstrate 
the synergy of the nano-sized components or even to gain new 
properties that have not been observed for the individual com­
ponents that constitute the hybrid material. Among the wide 
range of hybrid materials, including purely inorganic systems, 
organo-inorganic materials and mixed organic structures that are 
currently designed to meet the growing demands of the modern 

OHO

OH

O PhHO

O

CN

OHO

OH
HO

OH

OHO

OH

OH

O R

NC

HO

S-Sambunigrin (R = H, R' = Ph)

R-Amygdalin

R-Prunasin (R = Ph, R' = H)

R'

Neopetroside A

O
N

O

HO
OH

O

HO

COO

-Isomer of Neopetroside A

O
N

O

HO
OH

O

HO

COO

Figure  2  Structures of synthesized Neopetroside A, its b-isomer and natural 
cyanogenic glycosides.

Ring size

L
 o

r 
M

 o
r 

S

100

75

50

25

0Io
n 

tr
an

sp
or

t a
ct

iv
ity

S
M

L

[G
A] 5

[G
A] 4

[G
A] 3

[G
A] 2

[GA]2.L–[GA]5.L

[GA]2.M–[GA]5.M

[GA]2.S–[GA]5.S

m = 0–3

R = O

O

OH

5

Tail type = L

O

O

OC7H15

Tail type = M

O

O

OMe

Tail type = S

O

NHR
O

HO
HO

O
RHN

O

OHHO

O
NHR

O

OH
OH

m

Figure  3  Principal scheme of artificial ion channel design and examples 
for their ion-selectivity.

(a)

(b)

O

O

O

Me

Me

OR

HO

OMe

O

O

O

Me OR

O

O
O

OH

OH

OR

HO
O

1

3

3

1

1

3

HO
HO

O

OH
HO

HO

4

4

R = SO3Na / H

O

O

O

Me

Me

OR

RO

OMe

O

O

O

Me OR

RO

RO

OR

OR

RO
O

1

3

3

1

1

3

4

4

R = SO3Na

Figure  4  (a) Principal scheme for the chemical transformation of branched 
fucoidan from P. plantaginea seaweed into the linear and regular per-O-sulfated 
product and (b) the possible ternary complex between thrombin (gray), 
ATIII (green) and 18-saccharide fragment of the synthesized fucoidan.



Focus Article, Mendeleev Commun., 2016, 26, 365–374

–  370  –

applications, including catalysis, energy conversion/harvesting, 
and environmental protection, two material groups are of utmost 
interest. The first one represents metal organic frameworks 
(MOFs) or coordination polymers (including covalent organic 
frameworks) with surface areas reaching 5500 m2 g–1 and pore 
volumes up to 2 cm3 g–1,60–62 and the second one incorporates 
core-shell bimetallic nanoparticles encapsulated in nano-porous 
materials.63–65 

Metal organic frameworks in membranes
By studying the adsorption/separation of gases, membrane hybrid 
materials based on ceramic, metalloceramic or polymer starting 
membranes with a supported layer of MOFs or mixed matrix 
membranes (MOFs dispersed in a polymer matrix) that provide 
molecular recognition and selectivity and could distinguish between 
very similar molecules (like ethane/ethylene, N2 /CO2 or CO/CO2) 
can be designed and used. MOFs are usually synthesized by a 
solvothermal method that is time consuming (30–50 h) and yields 
non-uniform MOF particles. Microwave activation can improve 
the synthesis of MOFs. In this case, the time required for the 
synthesis can be reduced to 15–20 min, and uniform MOF nano­
particles are formed (cf. Figure 5).66(a) The microwave-prepared 
material was efficiently used as a catalyst for phenylacetylene 
hydroamination, an adsorbent for hydrocarbons or a component 
of membranes.

Integrated membranes with a nearly ideal (no defects) layer 
of MOF onto the appropriate membrane were prepared via the 
one-step in situ synthesis by crystallization of MOF onto the 
membrane or by template synthesis using crystallization centers 
at the surface and secondary growth. Zeolite-like Zn-imidazolate 
framework (ZIF-8) and Cu-phenylenedicarboxylate framework 
(MOF-199) (Figure 6) were used to illustrate the approach.66(b),(c) 
Polyacrylonitrile was chosen as a matrix to support the MOFs 
because a homogeneous, uniform and smooth MOF coating was 
produced.66(d) 

The permeance of ZIF-8/membrane materials changes in a 
different way depending on the nature of the starting membrane. 
The permeance to He decreases by a factor of 1.4 for the ZIF-
composite compared to the starting membrane, whereas the 
permeance with respect to N2 or CO2 somewhat decreases so that 
the CO2 selectivity increases significantly. For instance, for the 

He/CO2 couple, the selectivity for ZIF-8/PAN is ~9.2, which 
essentially exceeds the theoretical (Knudsen) selectivity for this 
couple with porous membranes (Table 1).

Mixed matrix membranes may be a breakthrough in the design 
of gas permselective membranes and MOF-modified polymers 
(PIM-1), which already demonstrated unique properties. The 
empirical selectivity vs. permeance dependence is known to obey 
the so-called Robeson law, i.e., the experimental data are limited 
by a linear upper-bound curve. However, for the ZIF-8/PIM-1 
membranes, the experimental points are over this limiting curve.

Core-shell nanoparticles encapsulated in nanoporous 
materials
Core-shell or decorated nanoparticles with tunable sizes and 
morphologies encapsulated into hierarchical matrices or structured 
carriers, represent unique hybrid materials for catalysts and other 
applications. The proper design of such hybrids will result in the 
enhancement of the activity, selectivity, stability and decreased 
production costs. Original procedures have been developed for the 
preparation of bimetallic Au/Me or Au/MeOx catalysts by depositing 
Au through redox procedure on the surface of Cu, Pd, Pt, and Ru 
supported nanoparticles. Catalysts with a very low Au loading of 
< 0.2 wt% and particle size of ~1 nm have been synthesized.

The new bimetallic Au/CuOx /SiO2, Au/Pd/TiO2, Au/Pt/TiO2, 
and Au/RuO2 /q-Al2O3 catalysts demonstrated a high efficiency in 
oxidation of alcohols to aldehydes or esters (Au/CuOx /SiO2, 
Au/Pd/TiO2), and the oxidation of glycerol and propane-1,2-diol 
into lactic acid (Au/Pd/TiO2, Au/Pt/TiO2), as well as glycerol 
hydrodehydroxylation (Au/RuO2/q-Al2O3) (Figure 7).

The new materials allowed one to significantly enhance the 
activity/selectivity for the hydrogenation or partial oxidation of 
glycerol and other reactions (hydroamination, ring opening, and 
partial oxidation of various substrates). Glycerol (a by-product 
of biodiesel production) oxidation into lactic acid (desired high 

(a) (b)

10 µm 5 µm

Figure  5  SEM images of (a) ‘solvothermal’ and (b) ‘microwave’ MIL-
53(Al) samples.

(a) (b)
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a
c

Figure  6  (a) Zn-imidazolate framework (ZIF-8) and (b) Cu-phenylene­
dicarboxylate framework (MOF-199).

Table  1  Selectivity of ZIF-8 membranes.
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aKn (theory) aexp aKn (theory) aexp

PAN 3.3 2.0 2.6 2.2
ZIF-8/PAN 3.3 9.2 2.6 8.7
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value added monomer for biodegradable packaging materials) 
occurs on bimetallic Au-Pt nanoparticles with enhanced selectivity 
and productivity (Figure 8). The rationale of the developed catalyst 
synthesis allows the loading of gold in the catalyst composition 
to be significantly reduced.67,68 

The new catalytic system 1% Au / 1% RuO2 / q-Al2O3 for 
glycerol hydrodehydroxylation was much more active and selec­
tive compared to the monometallic Au/q-Al2O3 and RuO2 /q-Al2O3 
samples.

Capturing molecular level dynamics in chemical reactions
Chemical reactions in solution are difficult to directly visualize 
using available methods. NMR spectroscopy and mass spectro­
metry provide valuable spectral information, which can be 
interpreted in terms of molecular structures and transformations. 
However, an overall mechanistic picture is often difficult to 
resolve. Electron microscopy gives an important strength into 
the mechanistic investigations that allows visualization of the 
objects being studied.

One of our goals was to develop an approach to capture 
molecular level dynamics in chemical transformations. The suc­
cessful application of electron microscopy to capture system 
dynamics was demonstrated in a study of carbohydrates conver­
sion to 5-(hydroxymethyl)furfural (5-HMF).69 The key point 
was to use ionic liquids as a medium to carry out the chemical 
transformations. High stability under vacuum and suitable pro­

perties for microscopy observation made it possible to record a 
video stream that reflected the rearrangements that occurred in 
the studied system at micro-sized and nano-sized levels. It was 
found that the presence of a small amount of water induced a 
structured reaction medium and the formation of dynamic micro­
reactors (Figure 9).69(a) The morphology of the microreactors 
correlated to the observed selectivity and yielded the carbo­
hydrates conversion process.

The study has shown that reaction dynamics can be directly 
captured by microscopy and visualized in video movies. Further 
development of this unique technique will be a fascinating direc­
tion for the present project, especially applying this methodology 
to the area of catalysis.70

3D printing and additive technologies in chemistry
Modern organic chemistry and catalysis can build complex mole­
cular systems that possess outstanding properties. However, in 
many cases it is difficult to fabricate a product for practical needs 
due to the high cost of the synthetic process, difficulties in 
isolation and purification, and necessity of handling toxic waste. 
A real advancement was recently made by implementing additive 
technologies for the design and construction of chemical reactors, 
labware and research equipment using 3D printing.71 3D printing 
provides a simple and convenient way to create customized 
chemical equipment. However, the potential of 3D printing is not 
limited to equipment.

As an example of synthetic efficiency, construction of a para­
mount variety of proteins and peptides in living organisms can be 
considered, which was achieved with a limited number of universal 
building blocks – amino acids [Figure 10(a)]. Reproduction and 
evolutionary development involves even smaller number of 
nucleotides, which embed genetic information into DNA and 
RNA [Figure 10(b)]. Advanced technological manufacturing has 
resulted in powerful additive technologies that are now routinely 
available in 3D printers [Figure 10(c)]. These three cases 
represent universal and powerful techniques for the construction 
of molecules and matter. The examples show that the cost-
efficiency of a bottom-up approach can be combined with the 
absence of the waste of an additive process. If we anticipate the 
concept towards organic synthesis, we can project a kind of 3D 
printing of organic molecules [Figure 10(d)].

The process of molecular 3D printing would be efficient if a 
limited number of building blocks will be sufficient to assemble 
the desired products. A search for the universal building units for 
molecular 3D printing suggests alkynes as possible candidates 
(Table 2).72 Comparing the three main classes of widely available 
hydrocarbon sources reveals the advantage of alkynes in terms 
of  the number of activated substituents and waste-free atom-
economic addition steps (Table 2).72

Of course, on the moment possible resolution of 3D printers 
is not high enough for additive manufacturing at the molecular 

Table  2  Potential building units for molecular 3D printing.

Building unit

Number of less 
active substi- 
tuents on each 
carbon atom

Number of 
activated sub- 
stituents on each 
carbon atom

Number of 
possible 
atom-economic 
addition reactions

4 0 0

2 0 1
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level. The smallest dimension of 1 mm over 200 nm was accessible 
by three-dimensional direct laser writing followed by pyrolysis.73 
To obtain molecular level 3D printing, resolution enhancement 
by about an order of magnitude may be required.

Conclusions
To summarize, we have investigated different research directions 
to develop the ongoing project on organic and hybrid molecular 
systems (the initiative described earlier10). Depending on the 
application and target, chemical systems range from small mole­
cule to oligomeric, nanoscale and further to hybrid architectures 
and microscale frameworks (Figure 11). In order to build the 
desired level of molecular complexity, direct organic synthesis 
evolves to manual assembling of the building units, bottom-up 
self-assembling, and further to supramolecular arrangement and 
microscale aggregation. At the utmost right position of the figure 

(Figure 11) at the micrometer scale region, other type of bottom-up 
assembly – additive technologies and 3D printing – has already 
demonstrated promising potential. The aim of the present project 
is to make progress in the individual development of each of the 
synthetic methods, as well as to develop a unifying concept for the 
efficient construction of molecular complexity at various levels.

The development of efficient, energy-saving and environ­
mentally safe synthetic methodologies for the regio-, stereo- and 
enantioselective formation of chemical bonds remains a crucial 
challenge in the area of small organic molecule synthesis. Among 
the state-of-art methodologies, atom-economy domino reactions, 
highly enantioselective organocatalytic transformations and ‘clean’ 
synthetic procedures that do not require usage of toxic reagents 
and solvents are obviously preferable. Important nitrogen-oxygen 
systems, natural compound analogues and useful bioactive mole­
cules are attainable by means of these methodologies.
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The key challenges for the bioorganic and hybrid system fields 
remained connected to the development of efficient stereo- and 
regiospecific syntheses of target bioorganic ligands in the func­
tional form, which permits further conjugation with carriers and 
labels. The driving forces of these studies were determined by the 
need for fundamental biological or applied biomedical investiga­
tions. With the recent progress in this field and particularly with 
the development of the enzymatic synthesis of natural ligands, 
main attention tends to shift to the design and investigation of 
the 3D spatial organization of bioorganic and hybrid systems to 
manage the efficiency of their biological recognition by purified 
or non-purified receptors in the artificial or natural environments.

The further challenges in heterogeneous systems are related 
to the improvement and optimization of supported and mixed 
matrix membranes to separate important gas mixtures due to the 
synthesis of new MOF structures and better preparation recipes. 
The core-shell metal nanoparticles are interesting for the applica­
tion in a number of catalytic processes involving diverse substrates 
and transformations: hydrogenation, partial oxidation, dehydro­
genation (hydrogen storage), isomerization, intra- and intermole­
cular hydroamination, Fischer–Tropsch synthesis, and ring opening 
of cyclic hydrocarbons.

Nearest challenges in the mechanistic studies include direct 
visualization of chemical processes at the molecular level using 
spectral (NMR and MS), microscopic (SEM and TEM) and 
computational techniques. Revealing the basic principles that 
govern, build and change the molecular complexity will extend 
the possibilities for additive technologies to a fascinating level of 
direct 3D printing of molecules.

This work was supported by the Russian Science Foundation 
(grant no. 14-50-00126).
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