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хімії проаналізовано питання з різних аспектів рослинництва, ґрунтознав-
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Multi-faceted Commercially Sourced Pd-Supported Reduction: 
A View from Practical Experience
Abstract
Aim. To share our experience when working with the Pd-catalyzed hydrogenation and discuss reactions occurred contrary to 
our expectations, as well as express our vision of the causes for such an unusual reactivity.
Results and discussion. Catalysis is a key technology and among the central themes of both petrochemical and fine chemical 
industries. Although extremely useful and reliable, it can sometimes astonish researchers. The paper discusses 17 intriguing 
cases of the catalytic hydrogenation and hydrogenolysis reactions from our practice in the High-pressure Synthesis Laboratory 
(Enamine Ltd.). All examples presented are characterized by peculiar performance of commercially sourced heterogeneous 
palladium-containing catalysts (Pd/C or Pd(OH)2). Thus, some cases were characterized by reduced activity of the catalyst (or 
even its complete loss), meaning that reaction conditions found before to be suitable for reduction appeared to be “broken”, 
and we had to search for a new, often harsher reaction setup. Curiously, it is a matter of classical Pd-catalyzed hydrogena-
tions of N+–O– and C=C fragments. Apparently, these results indicate the heterogeneity of commercially available catalysts 
and are related to their fine internal structure, in particular the surface morphology. Another interesting issue the article 
deals with is chemoselectivity of the catalytic hydrogenation. Sometimes some reactions led to astonishing results going 
across theoretical views and expectations. Saturation of benzene rings instead of (or accompanying) debenzylation, breaking 
of the common order of hydrogenation for compounds containing several aromatic parts with different resonance energies, 
irreproducible experiment, obtaining of different products under the same conditions, uncommon results of Pd-catalyzed 
reactions is the list of interesting results, which we observed and discussed in the article. Analyzing the information available in 
the literature and considering all the results gathered we tend to believe that the presence of impurities of noble metals (Rh, Ru, 
Pt) in the catalysts used to be a possible reason for these strange findings. The study supports the general idea that commercial 
palladium catalysts differ in efficiency, resulting in significant differences in selectivity, reaction time, and yields. Elucidating the 
regularities behind such empirical results is undoubtedly an interesting area of research in the field of catalysis.
Experimental part. All starting compounds exposed to hydrogenation were synthesized in Enamine Ltd. and had purity of not 
less than 95 %. The palladium-containing catalysts used in the experiment were purchased from 6 commercial sources within 
2011 – 2022. The structure and purity of the compounds synthesized were characterized by 1H NMR spectroscopy, liquid 
chromatography coupled with the mass spectrometry method, elemental analysis. Chromatographic experiments revealed 
the purity of all compounds obtained being not less than 95 %.
Conclusions. In the paper we have summarized our experience with the Pd-catalyzed hydrogenation and presented cases of unu-
sual reactivity or unexpected outcomes of the reactions encountered in our practice. In general, complications we faced were of 
three types: (1) irreproducibility of the procedures most likely as the result of a changeable activity of the catalysts; (2) chemoselec-
tivity issues when two or multireducible functional groups were present in the substrate; (3) undesirable Pd-catalyzed defunction-
alization reactions. In turn, these complications led to increase in production costs, loss of time and resources. Therefore, because 
of this variability in the efficiency of Pd catalysts, far more efforts are required to find out the key differences between commercial 
sources of Pd catalysts, as well as to create protocols clearly defining the catalytic activity of each batch of the catalyst allowing to 
identify high-quality catalysts immediately prior to the use without wasting precious time and synthetic materials.
Keywords: catalysis; hydrogenation; heterocyclic compounds; palladium; selectivity; competing reactions



ISSN 2308-8303 (Print) / 2518-1548 (Online) 4

Журнал органічної та фармацевтичної хімії 2022, 20 (4)

В. В. Бур’янов1,2, Д. О. Лега1,3, В. Г. Маханькова1,2, Ю. М. Воловенко2, С. В. Колотілов4, Д. М. Волочнюк1,2,5, 

С. В. Рябухін1,2,5

1 НВП «Єнамін», вул. Червоноткацька, 78, м. Київ, 02094, Україна 
2 Київський національний університет імені Тараса Шевченка,  
  вул. Володимирська, 60, м. Київ, 01033, Україна 
3 Національний фармацевтичний університет Міністерства охорони здоров’я України,  
  вул. Пушкінська, 53, м. Харків, 61002, Україна 
4 Інститут фізичної хімії імені Л. В. Писаржевського Національної академії наук України,  
  просп. Науки, 31, м. Київ, 03028, Україна 
5 Інститут органічної хімії Національної академії наук України,  
  вул. Мурманська, 5, м. Київ, 02660, Україна
Багатогранне відновлення, каталізоване комерційно доступним паладієм: погляд на реакцію 
із практичного досвіду
Анотація
Мета. Метою статті було поділитися нашим досвідом роботи з Pd-каталізованим гідруванням і обговорити реакції, 
що відбувалися всупереч нашим очікуванням, а також висловити своє бачення причин такої незвичайної реакційної 
здатності.
Результати та їх обговорення. Каталіз є ключовою технологією та однією з центральних тем як нафтохімічної, так і тонкої 
хімічної промисловості. Хоча він є надзвичайно корисним і надійним підходом, іноді він може дивувати дослідників. 
У пропонованій статті розглянуто 17 цікавих випадків реакції каталітичного гідрування з нашої практики в Лабораторії 
синтезів під високим тиском (НВП «Єнамін»). Усі наведені приклади характеризуються своєрідною поведінкою комер-
ційно доступних гетерогенних паладієвмісних каталізаторів (Pd/C або Pd(OH)2). Так, деякі випадки характеризувалися зни-
женою активністю каталізатора (або навіть повною її втратою). Іншими словами, умови реакції, які ми раніше вважали 
придатними для відновлення, виявилися «зламаними», і нам довелося шукати нові, часто жорсткіші умови для прове-
дення реакції. Цікаво, що мова йде про класичне Pd-каталізоване гідрування N+–O– і C=C фрагментів. Певно, ці результа-
ти свідчать про різнорідність комерційно доступних каталізаторів і пов’язані з їхньою тонкою внутрішньою структурою, 
зокрема морфологією поверхні. Іншим цікавим питанням, висвітленим у статті, є хемоселективність каталітичного гідру-
вання. Так, іноді реакція призводила до вражаючих результатів, що суперечили теоретичним поглядам і очікуванням. 
Насичення бензольних кілець замість дебензилювання (або разом із ним), порушення загального порядку гідрування для 
сполук, які містять кілька ароматичних частин з різною енергією резонансу, невідтворюваний експеримент, отримання 
різних продуктів за використання однакових умов, нетипові результати реакцій, каталізованих Pd, – це список тих резуль-
татів, які ми спостерігали та обговорюємо в статті. Аналізуючи наявну в літературі інформацію та враховуючи всі зібрані 
результати, ми схильні вважати причиною цих дивних знахідок наявність у використаних каталізаторах домішок благо-
родних металів (Rh, Ru, Pt). Дослідження несе загальну ідею про те, що комерційні паладієві каталізатори відрізняються за 
ефективністю, що призводить до значних відмінностей у селективності, часі реакції та виході. З’ясування закономірностей, 
що стоять за такими емпіричними результатами, безсумнівно, є важливим напрямом досліджень у царині каталізу.
Експериментальна частина. Усі вихідні сполуки, піддавані гідруванню, було синтезовано в ТОВ «Єнамін». Вони мали чи-
стоту не менше 95 %. Використовувані в експерименті каталізатори з паладієм було закуплено у 6 комерційних джерел 
упродовж 2011 – 2022 років. Структуру та чистоту синтезованих сполук схарактеризовано методами 1Н ЯМР-спектроскопії, 
рідинної хроматографії в поєднанні з мас-спектрометричним методом, елементного аналізу. Хроматографічні досліди 
засвідчили, що чистота всіх одержаних сполук становить не менше 95 %.
Висновки. У статті узагальнено досвід роботи з Pd-каталізованим гідруванням і розглянуто випадки незвичайної ре-
активності або неочікуваних результатів реакцій, які зустрічалися в нашій практиці. Загалом ускладнення, з якими ми 
зіткнулися, були трьох типів: (1) невідтворюваність процедур, найпевніше, у результаті варіативної активності каталі-
заторів; (2) проблеми хемоселективності, у випадку присутності в субстраті кількох функціональних груп, здатних 
до відновлення; (3) небажані реакції дефункціоналізації, каталізовані Pd. Своєю чергою ці ускладнення призвели до 
збільшення витрат на виробництво, втрати часу та ресурсів. Саме через таку варіабельність ефективності паладієвих 
каталізаторів потрібно значно більше зусиль, щоб з’ясувати ключові відмінності між комерційними джерелами Pd-
каталізаторів, а також створити протоколи, які чітко визначають каталітичну активність кожної партії каталізатора, що 
дозволяє ідентифікувати високоактивні Pd-каталізатори безпосередньо перед використанням і не втрачати дорого-
цінний час та синтетичні матеріали.
Ключові слова: каталіз; гідрування; гетероциклічні сполуки; паладій; селективність; конкурентні процеси
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■ Introduction

Catalysis is the most powerful method of con-
trolling and directing chemical reactions, and it 
is widely used as a viable avenue for preparing 
compounds, which are hard to access by common 
catalyst-less approaches. Thus, as of 2002, more 
than 70 % of industrial processes were catalytic, 
and, indeed, the value has only increased over 
the years [1]. Moreover, it was estimated that 
production of more than 90 % of all chemical pro-
ducts requires at least one catalytic step [2].

Undoubtedly, the catalytic hydrogenation (and  
hydrogenolysis as well) has an enormous impact 
on and constitutes a key technology in petrochemi-
cal, fine chemical, pharmaceutical and environ-
mental industries. The statement is eloquently 
supported by two Nobel prizes awarded to Paul 
Sabatier (1912, “for his method of hydrogenating 
organic compounds in the presence of finely dis-
integrated metals…”), and William S. Knowles 
and Ryoji Noyori (2001, “for their work on chi-
rally catalyzed hydrogenation reactions”) [3 – 5]. 
A large-scale conversion of benzene to cyclohexa- 
ne and the production of L-DOPA, a drug used to 
treat Alzheimer’s disease, are instructive exam-
ples of the reaction. Over more than 100 years 
numerous catalysts, both homogeneous and he-
terogeneous, have been adjusted to the hydro-
genation though usually most of them contain a 
noble-metal core (Au [6], Pt [7], Rh [8], Ru [9], Ir 
[10], or Pd [11]) as an active site for the reaction. 
As indicated by a patent landscape analysis, the 
process of developing new catalysts has accele- 
rated over the last 25 years [12]. Thus, starting  
from the middle of 1990s more than 1000 patents  
have appeared in the scientific field as compared 
to only about 500 for the previous 70 years (from 
1925 to 1995). It is noteworthy, that the amount 
of patents protecting heterogeneous catalysts 
increases twice as fast as homogeneous ones. 
The fact accounts for advantages of the hetero-
geneous nature of former ones as they are re-
coverable and reusable, hence showing excellent 
economy properties, as well as suitable for flow 
chemistry processes. Therefore, it is no wonder 
that the catalytic hydrogenation occupies about 
10 – 20 % of the reactions used to produce chemi-
cals [13].

In this regard, palladium is probably the most  
widely used metal component in the heterogeneous 
catalytic hydrogenation with carbon-supported 
palladium being a well-established heterogene-
ous catalyst. Thus, the largest number of patent 

families (1753 for the period of 2011 – 2015) was 
identified for palladium. Moreover, this amount 
is unceasingly growing [14]. About 75 % of mo- 
dern industrial hydrogenation processes are car- 
ried out in the presence of a Pd/C catalyst [15] 
and, no wonder, it is widely applied to the syn-
thesis of various chemicals of industrial and aca-
demic interest [16, 17].

Despite the undoubted progress in develop-
ing catalytic systems in general and Pd-contain-
ing ones in particular, their preparation still in- 
volves complex procedures that make it diffi-
cult to obtain a reproducible catalytic body [18]. 
Thus, the way a heterogeneous catalyst is ma- 
nufactured crucially determines its characteris-
tics, e.g. fine structure, surface characteristics, 
catalytic activity, selectivity and lifetime. All of 
the above results in significant variability in the 
efficiency of commercial sources of palladium on  
carbon. Such a situation becomes a striking prob- 
lem as the determination of catalysts’ features 
needed for their effective application is a tedi-
ous, time- and resource-consuming task and ob-
viously cannot be accomplished for each batch 
of the catalyst [1, 19]. For this reason, a few at-
tempts have been made to standardize and de-
termine the qualities of carbon-supported palla-
dium aiming to provide an effective tool for the 
prediction of the catalyst’s efficiency prior to its 
use and to save valuable synthetic material and 
time [20 – 22]. In spite of valuable findings, these 
studies did not completely eliminate the problem 
as they inherently contained limitations. Among 
others, they include awkward procedures and dif- 
ficult-to-obtain standard substrates. Moreover, 
the methods developed cannot detect the selec-
tivity of Pd catalysts with respect to structural 
variations of the substrate. As the result, palla-
dium/carbon catalysts remain a “black box” for  
synthetic chemists. Nowadays, familiarizing such  
catalysts is essentially a trial-and-error process 
requiring extensive testing in order to identify 
efficient catalysts, and find out suitable reaction 
parameters of short reaction times and high iso-
lated yields.

Hydrogenation and hydrogenolysis are prin-
cipal processes in the production cycle of fine che- 
micals existing in our company (High-pressure 
Synthesis Laboratory of Enamine Ltd.). Every day  
we deal with the hydrogenation of numerous sub- 
strates, bur not always successfully. From time to 
time we obtain unexpected results varying from 
‘conditions found previously do not work’ to ‘how is 
it possible for the compound to be obtained here?’.  
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Often, we get in such a tight spot when switching 
from one catalysts’ supplier to another though  
we could not deny a contribution of the substrate 
peculiarities to the unwanted outcome.

In this article we would like to share our enor- 
mous experience of working with the Pd-cataly- 
zed hydrogenation, as well as in some cases ex-
press our vision of the reasons of such an odd re-
activity. Nevertheless, this work is not intended 
to find out and discuss the fundamentals of hy-
drogenation reactions.

■ Results and discussion

The palladium-catalyzed hydrogenation can 
be performed with nearly all types of unsatu-
rated bonds. In addition, even single C-O and 
C-N bonds can be broken under the Pd catalysis. 
The common range of substrates suitable for the 
Pd catalysis covers the following 3 groups of or-
ganic compounds: (1) unsaturated hydrocarbons 
and (hetero)arenes; (2) carbonyl-containing com- 
pounds; (3) classes with nitrogen-containing mul- 
tiple bonds. In most of the cases, Pd is either the 
most satisfactory or one of the most satisfacto- 
ry catalysts. However, one should emphasize here  
again that it is a matter of relative rates, the struc- 
ture of a Pd catalyst, reaction conditions, and so on.  
In this regard, conditions that we found before 
to be suitable for reduction (referred to as ‘ini-
tial conditions’ throughout the paper) some-
times appeared to be “broken” so that we had to 
search for new, often harsher conditions (‘modi-
fied conditions’).

The first example of conditions no longer wor- 
king is given in Scheme 1. It illustrates the com- 
plete reduction of a furan moiety to obtain tet-
rahydrofuran derivative 2. Usually, similar reac- 
tions proceed readily with a Pd/C catalyst under 
mild conditions [23, 24]. As there is no data on 
reducing compound 1 we have found out appro-
priate conditions enabling such a transformation  
and including 48-hour protocol. Repeating the 
reaction later we were stunned by the time re-
quired for 100 % conversion of the starting furan  

(monitoring by 1H NMR) being 7 times more than  
it was determined before. The change is definite-
ly caused by the activity of the catalyst, which, 
in turn, is related to its fine internal structure, 
most likely another surface morphology. The ob-
servation brings us back to the question of the 
reliability and reproducibility of the published  
procedures. One should note that compound 2 was  
unknown before. Considering the fact that tet-
rahydrofuran-3-carboxylates have been found to  
possess valuable biological properties [25, 26] 
the approach may provide access to new potent 
agents.

Nitrogen-containing multiple bonds are an-
other well-established substrate for the Pd-cata- 
lyzed reduction [27]. Thus, the hydrogenation 
of compound 3 was already known [28] (Raney 
Ni, MeOH, 40 oC, 40 atm, 3 h) and was former-
ly used as a step in the synthesis of potential 
inotropic agents [29, 30]. Both N-functionalities  
underwent reduction simultaneously resulting in  
4-amino-3-methoxypyridine (5). Performing the 
reaction in the presence of 10 % Pd/C we obtained 
the same result (Scheme 2). However, this in-
teraction was able to surprise us the next time 
when intermediate N-oxide 4 was observed un-
der the same conditions. In open sources, we were 
unable to find a similar transformation occurring  
with loss of nitro and retaining N-oxide moiety, 
apparently due to their close tendency to reduc-
tion. To overcome the problem of the undefined 
catalyst activity, we tested various conditions 
and found that Pd(OH)2 gave the desired deriva-
tive 5, and, importantly, the reaction was repro-
ducible. Elucidating the regularities underlying 
the partial recovery is undoubtedly an interest-
ing area of research in the field of catalysis.

Scheme 3 depicts another unexpected case 
representing the absence of the catalytic acti- 
vity of a Pd/C catalyst. Application of the ‘initial 
conditions’ led to recovering the starting materi-
al. This may sound weird as palladium displays 
an excellent catalytic performance in the hydro-
genation of alkene compounds, even conjugated 
and partially aromatic, and serves as a classical 

OMe
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O

Me

OMe

O

O

Me
48 h

initial condtions

336 h

modified conditionsPd/C 10 %, MeOH

80 oC, 100 atm

1 2

Scheme 1. The furan ring reduction – the reduced catalyst activity
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catalyst in such interactions [22, 31]. Moreover, 
the hydrogenation of the methyl ester required 
4 hours to be accomplished under similar condi- 
tions [32]. Apparently, the problem was the he- 
terogeneity of the catalyst and the presence of mic- 
roparticles instead of nanoparticles. We managed  
to fix the problem and obtained acid 7 applying 
harsher conditions in an amount of up to 20 g in 
a run. It is interesting to note that the reaction 
may have an additional value as the N-methyl 
derivative of isoquinolone 7 showed high effica-
cy in inhibiting E. coli DNA gyrase [33].

The reductive deoxygenation of ketones al-
lowing the substitution of the C=O group with 
a CH2 fragment has attracted great attention 
given its numerous applications in the synthe-
sis of fine chemicals and biofuel production [34]. 
Since classical methods for the deoxygenation of 
carbonyl compounds (Barton–McCombie, Clem-
mensen, Wolff–Kishner methodologies) are gene- 
rally associated with harsh reaction conditions, 
the use of stoichiometric amounts of toxic rea- 
gents, and the poor functional-group tolerance 
[35], a number of advanced catalytic protocols for  
the deoxygenation of carbonyls employing ‘green’  
molecular hydrogen [36 – 39] have been reported. 
Some papers describe practical and mild me- 
thods for the deoxygenation utilizing supported 

palladium catalysts [40 – 42]. We also contribu- 
ted to the field as we developed a method for the  
reductive deoxygenation of ketoacid 8 into tolyl- 
butyric acid 9 promoted by 10 % Pd/C catalyst 
(Scheme 4). As with the previous reactions this 
protocol turned out to be unreliable. Thus, we 
worked out a more credible and efficient large-
scale procedure employing the Pd(OH)2/C cata-
lytic system. The transformation discussed is des- 
cribed in only one work and based on the ‘un-
friendly’ Huang-Minlon-Wolff-Kishner procedu- 
re, which provides compound 9 with lower yields 
[43]. The fact is important as acid 9 has shown 
to be a useful agent in treating conditions associ-
ated with ER-stress, including diabetes, hyper-
cholesterolemia, atherosclerosis, etc. [44].

The next reaction appeared to be a tough nut  
to crack for the heterogeneous palladium-cataly- 
zed reduction is the hydrogenation of metanilic 
acid (10), which succumbed to our efforts only 
once giving cyclohexanesulfonic acid 11 in a low 
yield. Our multiple later attempts resulted in 
nothing as the only isolated material was the 
starting metanilic acid with no signs of its con-
version into the target compound according to 
the LC-MS analysis. Presumably, an answer to 
the riddle is hidden in the fact that Pd is less  
active in the saturation of aromatics than other 
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Scheme 2. A partial reduction of the nitropyridine N-oxide
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precious metals (Pt, Ru, Rh). Reduction of com-
pound 10 was reported to be successful in good 
yields under the hydrogenation catalyzed by 
Rh supported by Al2O3 in acidic conditions [45].  
Owing to this fact one can suspect that our ‘lucky’ 
catalyst contained an impurity of rhodium, which  
was a real catalyst of the reaction. Thereby, one 
should keep in mind that catalysts can vary in both 
a fine structure and purity. If the former main- 
ly affects the activity of the catalyst, the other may  
turn the reaction in an unexpected direction.

Protecting groups constitute an essential in-
strument in the synthesis of both natural and ar- 
tificial chemicals [46]. Synthetic avenues towards  
complex, often natural, compounds are tricky, 
requiring multistep protecting group manipula-
tions [47, 48]. Additionally, only a small amount  
of the starting material can be available, which 
creates the problem of high yields and selecti- 
vity of the deprotection step [49, 50]. In this re-
gard, the palladium-catalyzed hydrogenolysis is 
one of the most common problems we face. In ge- 
neral, it involves the removal of benzyl ether and  
N-benzyl protecting groups in order to release 
OH- and NH-functionalities. Usually everything 
goes smoothly, and such a deprotection some-
times becomes a serious obstacle on the way to 
the product, as also reported earlier [51].

Schemes 6 and 7 represent our struggle for  
O- (azetidinecarboxylic acid 12) and N-debenzy- 
lation (oxazepan 14 and pyrrolidine 16), respec-
tively. Once deprotected easily under relatively 
mild ordinary conditions (10 % Pd/C, MeOH, 50 oC),  
the reactions refused to repeat and form the tar-
get compounds 13, 15 and 17 in the presence 
of the abovementioned catalytic system though 
some papers described the use of Pd/C in similar 

preparation of heterocycles 15 and 17 [52, 53]. 
As in the previous cases, this is associated with 
a decrease in the activity of catalysts due to an 
increase in the particle size and changes in the 
surface morphology.

However, we have found that the use of pal- 
ladium hydroxide is a more reliable and repro-
ducible approach, as we noted earlier. The results  
obtained are somewhat consistent with those re- 
ported by Yong Li et al. [54]. The paper indicates 
the absence of the catalytic activity in some ca- 
ses for Pd/C and Pd(OH)2/C used separately, while  
their combination serves as an excellent catalyst 
for the removal of O- and N-benzyl fragments. 
Although there is currently no mechanistic ba-
sis for this observation, we believe that the for-
mation of a Pd/Pd(OH)2/C mixture during the 
hydrogenation may contribute to the successful 
outcome of reactions. Finally, we would like to 
note that neither the hydrogenolysis of the aze-
tidine derivative 12 nor product 13 is covered in  
the literature although similar azetidine car-
boxylic acids have been considered as conforma-
tionally constrained GABA or β-alanine analogs 
and, therefore, have been evaluated for their po- 
tency as GABA-uptake inhibitors [55]. Our results  
expand possibilities for the research, as well as 
provide a new interesting experimental mate-
rial for studies in the field of medical chemistry.

While foregoing results mainly concerned is-
sues of the catalyst activity loss and searching  
for new suitable conditions, the next part of the 
work is going to highlight various selectivity as- 
pects of the Pd-catalyzed hydrogenation and hy-
drogenolysis.

Sometimes reactions lead to astonishing results  
going across theoretical views and expectations.  
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Scheme 4. The search for suitable conditions – reductive deoxygenation
 

NH2

S

O

O

OH

NH2

S

O

O

OH

Pd(OH)2/C 20 %, AcOH

120 oC, 120 atm, 48 h

"disposable" conditions

10 11

Scheme 5. A single reduction of benzene into cyclohexane
 



ISSN 2308-8303 (Print) / 2518-1548 (Online) 9

Journal of Organic and Pharmaceutical Chemistry 2022, 20 (4)

In continuation of the deprotection question Sche- 
mes 8 and 9 show a kind of shocking outcomes, 
which we observed during the N- and O-deben-
zylation of derivatives of morpholine 18 and in-
dole 21, respectively. In the first case, we failed 
to obtain the target product 20. Instead, the only  
recovered compound was cyclohexyl derivative 19.  
The latter is obviously formed by the saturation 
of the benzene ring being the dominant direction  
of the reaction since we could not detect any traces  
of the desired morpholinone. The subsequent va- 
riations of the reaction conditions did not give 
compound 19 as well. The situation seems to be 
strange as palladium is often preferred over oth-
er noble-metal catalysts due to its lower propen-
sity to cause the saturation of aromatics [56]. 
This unexpected dearomatization of the benzyl 
moiety was previously observed and reported on 
examples of benzyl and naphthylmethyl ethers  
[57, 58]. The authors suggested that the process 
may be attributed to the self-inhibition of the Pd/C  
catalyst by intramolecular nitrogen-containing ba- 
sic centers. Although the structural features 
of substrate 18 may affect the direction of the  

interaction, we think that another reasonable 
explanation would be the presence of other noble 
metal (Rh, Pt) impurities in the catalyst used.

As indicated by Scheme 9, our initial experi-
ments on the deprotection of benzyloxy deriva-
tive 21 resulted in the isolation of ketone 22 as a 
single product. In this case, the hydrogenolysis 
was not a terminated step as it was followed by 
the partial hydrogenation of the benzene moiety. 
Curiously, despite the lower resonance energy 
of the separated pyrrole compared to benzene, 
the former was not hydrogenated during the re-
action. Although the data for the debenzylation 
of exactly compound 21 is not available, there 
are plenty of other examples of the hydrogenoly- 
sis reaction employing 4-benzyloxyindoles (about  
340 according to the Reaxys® database). Interesting- 
ly, all the reactions give exclusively 4-hydroxy- 
indoles with no any allusion to ketones similar  
to 22. Thus, being surprised but interested in get- 
ting additional portions of compound 22, we in-
creased the reaction scale to 50 g. Another sur-
prise awaited us. The recovered material was 
a 3 to 1 mixture of phenol 23 and ketone 22  
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according to LC-MS data. The result allows us to 
suggest that a stepwise format of the reaction in-
cludes a primary debenzylation step followed by 
the benzene moiety reduction. We also tend to be-
lieve that the presence of precious metal (Rh, Pt)  
impurities is the cause for this behavior. Inspired  
by the latest experiment, we are currently mak-
ing constant attempts to solve the problem and 
find suitable as well as reproducible reaction con-
ditions that provide exclusively any of products 
22 and 23.

In contrast to Scheme 9, the hydrogenation 
of benzofuran 24 proceeded the way it was ex-
pected with the reduction of the ‘less aromatic’ 
furan moiety of the molecule and gave dihydro  
derivative 25 (Scheme 10). The only difficulty that  
we encountered was the irreproducibility of con-
ditions previously found to be suitable. Subse-
quently, we managed to find satisfactory ones 
giving compound 25 with any batch of the cata-
lyst.

Minor structural variations of benzofuran 24,  
namely the substitution of benzene moiety with 
the pyridine core, drastically changed the direc-
tion of the hydrogenation reaction promoted by 

10 % Pd/C (Scheme 11). Thus, the reduction of 
furo[3,2-c]pyridine-2-carboxylic acid (26) did not 
give the expected 2,3-dihydro product 30. More- 
over, the selectivity observed for benzofuran 24 was 
lost. As evidenced results of LC-MS and 1H NMR  
investigations of the isolated mixture, the reduc- 
tion occurred stepwise with the pyridine ring re- 
duced first (compound 27) followed by the forma- 
tion of perhydro derivative 28. Even more inte- 
resting, numerous studies report a reduction ex- 
clusively for the furan moiety for variously sub- 
stituted furo[3,2-c]pyridines. The information about  
the complete reduction of furo[3,2-c]pyridines is  
not available as well. We did not succeed in ela- 
borating more selective conditions using Pd-con- 
taining catalysts. So far, selective reduction of  
compound 26 remains an open question definite- 
ly deserving attention as some 4,5,6,7-tetrahydro- 
furo[3,2-c]pyridines and octahydrofuro[3,2-c]py- 
ridines have  proven to be valuable pharmaceu-
tical components [59, 60].

Another interesting example for discussing the  
chemoselectivity of the catalytic hydrogenation 
is given in Scheme 12. Compound 31 comprises 
2 aromatic fragments of benzene and pyridine 
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joined by a s-bond and both are potential sites  
for the catalytic reduction. Numerous studies exa- 
mining the Pd-catalyzed reduction of 2-phenyl- 
pyridines have shown that the hydrogenation of 
the pyridine ring is best performed under acidic  
conditions, and phenyl rings are usually not re-
duced in significant amounts during the process  

[14, 61, 62]. We were able to find only three ex-
amples reporting the non-selective reduction 
of both pyridine and benzene fragments of the 
2-phenylpyridine platform. Interestingly, all of 
these studies work with other precious metals –  
Ru(0) [63], Rh(II) [64], Pt(0) [65]. Moreover, the 
application of Ru(0) allowed the neutral benzene  
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Scheme 10. The search for suitable conditions – benzofuran reduction
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ring to be selectively reduced instead of the more  
electron-deficient pyridine ring, implying a pos-
sible directed hydrogenation by a Ru(0) catalyst.  
Interestingly, in our experiments on the Pd/C pro- 
moted hydrogenation of compound 31, a domi-
nant compound in the isolated mixture was also 
2-cyclohexylpyridine 32 and not the product of 
the reverse chemoselectivity – piperidine 33 (ac-
cording to 1H NMR and LC-MS data). Again, we 
have the ground to suspect contamination of the 
Pd-catalyst with more active noble metals lead-
ing to controversial results.

The last substrate, we want to discuss, with 
two alternative centers for hydrogen attack is 
4-hydroxy-2-methylquinoline (34). Its structure 
implies the formation of products 35 and 36 re-
taining pyridine and benzene moieties, respecti- 
vely. Taking into account theoretical views of the  
aromaticity of benzene and pyridine one may pre- 
dict that the pyridine moiety is more likely re-
duced as a less thermodynamically stable one. 
Moreover, compound 34 exists as two tautomers.  
In tautomer B, the pyridine ring loses aromatici- 
ty and becomes more susceptible to reduction as 

usual (though conjugated) alkene. Nevertheless,  
despite our conclusions, the reaction turned out  
to be chemoselective giving compound 35 as the  
only product. Our observations are fully suppor- 
ted by other works reporting the same results 
for various 4-hydroxyquinolines in the presence 
of different catalytic systems [66, 67]. So far, a 
reasonable explanation of the experimental re-
sults is not available.

The last part of the paper discloses three amu- 
sing instances of the hydrogenation where other 
functionalities were involved.

The first reaction is the hydrogenation of 1,2, 
3,4-tetrahydropyrrolo[1,2-a]pyrazine-1-carboxy- 
lic acid (37) (Scheme 14). It was quite curious to 
obtain different products 38 and 39 while utili- 
zing identical reaction conditions. If compound 38  
was much expectable and desirable in the reac-
tion, the isolation of decarboxylated derivative 
39 made us feel confused. Even though reduc-
tive decarboxylation is a modern technique ex-
periencing intensive investigations [68, 69], its 
proceeding is unwanted as other synthetic ap-
proaches towards compound 38 are complicated 
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and time-consuming [70]. The main question cau- 
sed by the experiment is “What is the reason for 
the decarboxylation and how to ensure that the 
same Pd-catalyzed reduction conditions give the 
same result?”. Unfortunately, there is no answer 
at the moment. We can only assume that the pre- 
sence of free metal impurities can cause primary 
decarboxylation of the starting acid 37 followed 
by reduction.

We observed an undesired N-methylation while  
reducing compound 40 in the methanol solution  
and producing derivative 41 as a major compo- 
nent in the mixture. The Pd-catalyzed N-methy- 
lation is already known; it is sometimes used in- 
tentionally in order to obtain and simultaneous- 
ly modify primary or secondary amino groups 
[71, 72]. To avoid the continuation of this pro-
cess, we replaced methanol with indifferent 
1,4-dioxane, having managed to isolate the tar-
get piperidine 42, which is of interest for medi-
cal chemistry and is used in the synthesis of sub- 
stances having a remarkable activity that inhi- 
bits the hepatocyte growth factor receptor, and 
thus exhibit the antitumor activity, the activity 

that inhibits angiogenesis, and the activity that 
inhibits cancer metastasis [73].

The alcohol dehydroxylation is probably one of 
the fundamental transformations in organic che- 
mistry as it plays a great role in the total syn-
thesis of complex natural products [74]. Recently, 
several protocols for the reductive dihydroxyla-
tion have been published utilizing Ir and Fe ca- 
talysts [75, 76]. Palladium is not a common cata- 
lyst for the reaction [14]. In this regard, the iso-
lation of dehydroxylated derivative 44 as a main 
product in the Pd/C catalyzed hydrogenation of 
azidoalcohol 43 was quite surprising. The forma- 
tion of such a product shows that the formal deben- 
zylation of 43 is more advantageous than the reduc- 
tion of the pyridine ring. We are currently working  
on finding suitable reaction conditions that allow  
us to purposefully obtain any of the products. 

■ Conclusions

Although catalytic hydrogenation reactions are  
vital transformations for all branches of chemi-
cal industry, commercial palladium catalysts are 
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variable in their fine structure (size of Pd par-
ticles, surface morphology, other metals impu-
rities, etc.) and, consequently, in the efficiency, 
resulting in significant differences in selectivity,  
reaction times, and yields. In the paper, we have  
summarized our experience with Pd/C-catalysts 
from different commercial sources for the hydro- 
genation reaction and presented cases of unusual  
reactivity or unexpected outcomes of the reactions  
encountered in our practice. In general, compli-
cations we faced were of three types: (1) irrepro-
ducibility of the procedures most likely as the 
result of a changeable activity of the catalysts; 
(2) chemoselectivity issues when two or multire-
ducible functional groups were present in the 
substrate; (3) undesirable Pd-catalyzed defunc-
tionalization reactions. In turn, these complica-
tions led to increase in production costs, loss of 
time and resources. Therefore, because of this va- 
riability in the efficiency of Pd catalysts, far more  
efforts are required to find out the key differenc-
es between commercial sources of Pd catalysts, 
as well as to create protocols clearly defining the  
catalytic activity of each batch of the catalyst. 
Moreover, modern chemists need to have clear cri- 
teria and regulations of catalysts’ quality without  
wasting precious time and synthetic materials.

■ Experimental part

All starting compounds exposed to hydroge- 
nation were synthesized in Enamine Ltd. and had  
purity of not less than 95 %. Different batches of  
palladium-containing catalysts used in the expe- 
riment were purchased from commercial sources 
(Daming Ruiheng Chemical Co., Ltd; Hangzhou 
J & H Chemical Co., Ltd.; Junda Pharm Chem 
Plant Co., Ltd.; Leap Labchem Co., Ltd; Shang-
hai Linsai Trade Co., Ltd.; SLN Pharmachem) 
within a period of 2011 – 2022. The solvents were 
distilled prior to the use. If needed, the reactions 
progress was monitored by 1H NMR spectrosco-
py. The melting points were measured in open 
capillary tubes and given uncorrected. 1H NMR 
spectra were recorded on a Bruker 170 Avance 
500 spectrometer (500 MHz), or a Varian Unity 
Plus 400 spectrometer (400 MHz) in a DMSO-d6,  
CDCl3 or D2O solution using tetramethylsilane 
as an internal standard. Chemical shifts were ex- 
pressed in δ (ppm) units with the following de-
scription: s was for a singlet, d – a doublet, t –  
a triplet, q – a quartet, p – a pentet, m – a mul-
tiplet, br. – broadened. Mass spectra were recor- 
ded on an Agilent 1100 LCMSD SL instrument 

(an atmospheric pressure electrospray ioniza-
tion (ES-API)) and an Agilent 5890 Series II 
5972 GCMS instrument (an electron impact ion-
ization (EI)). Chromatographic experiments re-
vealed the purity of all tested compounds being 
not less than 95 %. The elemental analysis was 
carried out in the Analytical Chemistry Labora-
tory of the Institute of Organic Chemistry, Na-
tional Academy of Sciences of Ukraine.

Ethyl 5-methyltetrahydrofuran-3-car-
boxylate (2) 

The solution of ethyl 5-methylfuran-3-carboxy- 
late (1) (100 g, 0.649 mol) in methanol (800 mL)  
was charged with 10 % palladium on carbon (10 g).  
The mixture was placed in an autoclave and hyd- 
rogenated at 80 oC and 100 atm of hydrogen for 
336 h. The autoclave was vented, after that the 
catalyst was filtered off. The solvent was re-
moved under reduced pressure to give the title 
compound.

A colorless oil. Yield – 95.2 g (92.8 %). Anal. 
Calcd for C8H14O3,  %: C 60.74; H 8.92. Found,  %: 
C 60.54; H 8.98. 1H NMR (400 MHz, CDCl3), δ, 
ppm: 1.21 – 1.35 (6H, m, 2×CH3); 1.77 (1H, dt, J =  
12.5, 8.6 Hz, H-4fur); 2.27 (1H, ddd, J = 12.0, 8.7, 
5.6 Hz, H-4fur); 3.11 (1H, qd, J = 8.3, 5.7 Hz, H-
3fur); 3.86 – 4.03 (2H, m, H-2fur+H-5fur); 4.09 (1H, 
dd, J = 8.8, 5.7 Hz, H-2fur); 4.16 (2H, q, J = 7.1 Hz,  
OCH2CH3). LC-MS (ES-API), m/z: 159.1 [M+H]+.

4-Amino-3-methoxypyridine 1-oxide (4) 
To the solution of 3-methoxy-4-nitropyridine  

1-oxide (3) (87 g, 0.512 mol) in methanol (1500 mL)  
10 % strength palladium on carbon (8.7 g) was 
added. The mixture was hydrogenated in an auto- 
clave at 50 oC and 50 atm of hydrogen for 72 h. 
The catalyst was then filtered off, and the solvent 
was removed under reduced pressure to give the 
title compound.

A red solid. Yield – 68.13 g (95.1 %). Anal. 
Calcd for C6H8N2O2,  %: C 51.42; H 5.75; N 19.99.  
Found,  %: C 51.20; H 5.81; N 20.13. 1H NMR 
(400 MHz, DMSO-d6), δ, ppm: 3.79 (3H, s, OCH3);  
5.83 (2H, s, NH2); 6.49 (1H, d, J = 6.8 Hz, H-5pyr); 
7.56 (1H, dd, J = 6.8, 1.9 Hz, H-6pyr); 7.75 (1H, d, 
J = 2.0 Hz, H-2pyr). LC-MS (ES-API), m/z: 141.0 
[M+H]+.

3-Methoxypyridin-4-amine (5) 
To the solution of 3-methoxy-4-nitropyridine  

1-oxide (3) (84.8 g, 0.499 mol) in methanol (1500 mL)  
20 % strength palladium hydroxide on carbon 
(8.5 g) was added. The mixture was hydrogena- 
ted in an autoclave at 50 oC and 100 atm of hyd- 
rogen for 120 h. After full conversion of the star- 
ting compound the autoclave was vented, and the  
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catalyst was filtered off. The solvent was then 
removed under reduced pressure to give the tar-
get compound.

A brown powder. Yield – 60.18 g (97.3 %).  
M. p. 88 – 90 oC. Anal. Calcd for C6H8N2O,  %: C 58.05;  
H 6.50; N 22.57. Found,  %: C 58.23; H 6.36;  
N 22.72. 1H NMR (400 MHz, DMSO-d6), δ, ppm: 
3.80 (3H, s, OCH3); 5.64 (2H, s, NH2); 6.53 (1H, 
d, J = 5.2 Hz, H-5pyr); 7.73 (1H, d, J = 5.2 Hz,  
H-6pyr); 7.87 (1H, s, H-2pyr). LC-MS (ES-API), 
m/z: 125.0 [M+H]+.

1-Oxo-1,2,3,4-tetrahydroisoquinoline-
4-carboxylic acid (7) 

1-Oxo-1,2-dihydroisoquinoline-4-carboxylic 
acid (6) (70 g, 0.367 mol) was dissolved in 3500 mL  
of a water solution of NaOH (14.69 g, 0.367 mol) 
and 10 % strength palladium on carbon (7 g) was 
then added. The mixture was placed in an au-
toclave and hydrogenated at 50 oC and 50 atm 
of hydrogen for 168 h. The autoclave was vent-
ed, after that the catalyst was filtered off, and 
the filtrate was acidified with sodium bisulfate. 
The precipitate formed was filtered off, and the 
crude product was recrystallized from isopropyl 
alcohol.

A white solid. Yield – 21.61 g (30.5 %). M. p.  
218 – 220 oC. Anal. Calcd for C10H9NO3,  %: C 62.82;  
H 4.75; N 7.33. Found,  %: C 62.97; H 4.83; N 7.17.  
1H NMR (500 MHz, DMSO-d6), δ, ppm: 3.54 – 3.68 
(2H, m, CH2); 3.83 – 3.95 (1H, m, CH); 7.35 – 7.41 
(2H, m, ArH); 7.51 (1H, t, J = 7.7 Hz, ArH); 7.83 
(1H, d, J = 7.9 Hz, ArH); 7.94 (1H, d, J = 5.5 Hz, 
NH); 12.85 (1H, br. s, COOH). LC-MS (ES-API), 
m/z: 192.1 [M+H]+.

4-(o-Tolyl)butanoic acid (9) 
4-Oxo-4-(o-tolyl)butanoic  acid  (8)    (85 g,  

0.443 mol) was dissolved in acetic acid (800 mL) fol-
lowed by adding 10 % palladium on carbon (8.5 g),  
and the mixture was hydrogenated at room tempe- 
rature and 80 atm of hydrogen for 24 h. After com- 
pletion of the reaction the solid was filtered off, 
the solvent was removed under reduced pressure,  
and the residue was recrystallized from hexane.

A white fluffy solid. Yield – 75.1 g (95.3 %).  
M. p. 55 – 57 oC. Anal. Calcd for C11H14O2,  %: C 74.13;  
H 7.92. Found,  %: C 74.01; H 8.05. 1H NMR  
(400 MHz, DMSO-d6), δ, ppm: 1.74 (2H, p, J =  
7.5 Hz, CH2CH2CH2); 2.17 – 2.31 (5H, m, 
CH3Ar+CH2Ar); 2.53 – 2.60 (2H, m, CH2COOH); 
7.00 – 7.16 (4H, m, ArH); COOH proton is in ex-
change. LC-MS (ES-API), m/z: 177.2 [M-H]–.

3-Aminocyclohexane-1-sulfonic acid (11) 
To the solution of 3-aminobenzenesulfonic 

acid (10) (20 g, 0.116 mol) in acetic acid (400 mL)  

20 % palladium hydroxide on carbon (2.0 g) was 
added. The mixture was then hydrogenated at 
120 oC and 120 atm of hydrogen for 48 h. After 
the reaction was completed, the solid was filte- 
red off, and the solvent was removed under re-
duced pressure. The residue was treated with me- 
thanol to give the title product.

A white powder. Yield – 7.8 g (37.7 %). M. p.  
232 – 234 oC. Anal. Calcd for C6H13NO3S,  %: C 40.21;  
H 7.31; N 7.81. Found,  %: C 40.39; H 7.16; N 7.72.  
1H NMR (400 MHz, D2O), δ, ppm: 1.23 – 2.63 (8H,  
m); 2.80 – 3.95 (2H, m). LC-MS (ES-API), m/z: 
180.2 [M+H]+.

1-(tert-Butoxycarbonyl)-3-(hydroxyme- 
thyl)azetidine-3-carboxylic acid (13) 

3-((Benzyloxy)methyl)-1-(tert-butoxycarbonyl)- 
azetidine-3-carboxylic acid (12) (130 g, 0.405 mol)  
was dissolved in methanol (1500 mL) and 20 % 
palladium hydroxide on carbon (13 g) was added 
to the solution. The mixture was placed in an  
autoclave and hydrogenated at 70 oC and 100 atm  
of hydrogen for 15 h. After cooling the autoclave 
was vented, the catalyst was filtered off, and the 
solvent was removed under reduced pressure. 
The residue was treated with isopropyl alcohol 
to give the title product.

A white solid. Yield – 87.27 g (93 %). M. p. 
175 – 177 oC. Anal. Calcd for C10H17NO5,  %: C 51.94;  
H 7.41; N 6.06. Found,  %: C 52.08; H 7.32; N 6.14.  
1H NMR (400 MHz, DMSO-d6), δ, ppm: 1.35 (9H, 
s, 3×CH3); 3.65 (2H, s, CH2O); 3.73 – 4.00 (4H, m,  
2×CH2N); COOH and OH protons are in exchange. 
LC-MS (ES-API), m/z: 230.2 [M-H]–.

(1,4-Oxazepan-7-yl)methanol (15) 
The solution of (4-benzyl-1,4-oxazepan-7-yl)- 

methanol (14) (75 g, 0.339 mol) in methanol 
(1500 mL) containing 20 % palladium hydroxide 
on carbon (7.5 g) was hydrogenated in an auto-
clave at 50 oC and 50 atm of hydrogen for 120 h.  
After the reaction was completed, the catalyst was  
filtered off, and the solvent was removed under re-
duced pressure to give the title compound as an oil.

A pink yellow oil. Yield – 43.43 g (97.7 %). 
Anal. Calcd for C6H13NO2,  %: C 54.94; H 9.99; 
N 10.68. Found,  %: C 55.11; H 10.09; N 10.48. 
1H NMR (400 MHz, CDCl3), δ, ppm: 1.49 – 1.65 
(1H, m); 1.73 – 1.90 (1H, m); 1.95 – 2.08 (2H, m); 
2.75 – 3.10 (4H, m); 3.32 – 3.50 (2H, m); 3.51 – 3.68 
(1H, m); 3.69 – 3.85 (1H, m); 3.88 – 4.05 (1H, m). 
LC-MS (ES-API), m/z: 132.2 [M+H]+.

Methyl 3-fluoropyrrolidine-3-carboxylate  
hydrochloride (17) 

To the solution of methyl 1-benzyl-3-fluo-
ropyrrolidine-3-carboxylate hydrochloride (16) 
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(175 g, 0.641 mol) in methanol (1500 mL) 20 % 
palladium on carbon (13 g) was added. The mix-
ture was hydrogenated at 50 oC and 100 atm of 
hydrogen for 12 h. The autoclave was vented, and  
the catalyst was filtered off. The solvent was re-
moved under reduced pressure to give the title 
compound.

A yellow powder. Yield – 110.5 g (94.2 %). M. p.  
153 – 155 oC. Anal. Calcd for C6H11ClFNO2,  %: C 
39.25; H 6.04; N 7.63. Found,  %: C 39.41; H 6.10; 
N 7.82. 1H NMR (400 MHz, DMSO-d6), δ, ppm: 
2.28 – 2.47 (2H, m); 3.24 – 3.34 (1H, m); 3.42 – 3.68 
(3H, m); 3.77 (3H, s, OCH3); 10.25 (2H, s, NH2);. 
LC-MS (ES-API), m/z: 148.1 [M-Cl]+.

(S)-4-(Cyclohexylmethyl)-6-methylmor-
pholin-3-one (19) 

The title compound was prepared according  
to the procedure given below. Although the struc- 
ture of the reaction product, as well as its puri- 
ty, was confirmed while analyzing an aliquot by 
1H NMR and LC-MS methods, it was not isola- 
ted by the reason of low prospects for further mo- 
dification.

(S)-4-Benzyl-6-methylmorpholin-3-one (18) (74 g,  
0.361 mol) was dissolved in methanol (800 mL) 
and 10 % palladium on carbon (7.4 g) was then 
added. The mixture was exposed to hydrogena-
tion at 100 oC and 50 atm of hydrogen for 48 h. 
When the time was over, a 20 mL aliquot of the 
solution was taken, the solvent was evaporated, 
and the residue was analyzed by 1H NMR and 
LC-MS methods.

1H NMR (400 MHz, DMSO-d6), δ, ppm: 
0.78 – 0.96 (2H, m, CHchex); 1.06 – 1.25 (6H, m,  
CH3+CHchex); 1.51 – 1.75 (6H, m, CHchex); 3.00 – 3.26  
(4H, m, 2×CH2N); 3.85 (1H, dqd, J = 9.1, 6.1, 3.1 Hz,  
CH3CH); 4.02 (2H, s, CH2O). LC-MS (ES-API), 
m/z: 212.1 [M+H]+.

Methyl 2-(4-oxo-4,5,6,7-tetrahydro-1H-
indol-3-yl)acetate (22) 

To the solution of methyl 2-(4-(benzyloxy)-1H- 
indol-3-yl)acetate (21) (5 g, 0.017 mol) in metha-
nol (100 mL) 10 % palladium on carbon (0.5 g)  
was added. The mixture was hydrogenated at 50 oC  
and 100 atm of hydrogen for 48 h. Then the ca- 
talyst was filtered off, and the solvent was re-
moved under reduced pressure. The residue was 
treated with isopropyl alcohol to give the title 
compound.

A brown powder. Yield – 1.65 g (47 %). Anal. 
Calcd for C11H13NO3,  %: C 63.76; H 6.32; N 6.76. 
Found,  %: C 63.54; H 6.43; N 6.87. 1H NMR  
(400 MHz, DMSO-d6), δ, ppm: 1.97 (2H, p, J = 
6.1 Hz, H-6); 2.21 – 2.30 (2H, m, H-7); 2.71 (2H, 

t, J = 6.1 Hz, H-5); 3.55 (3H, s, CH3); 3.62 (2H, s, 
CH2CO); 6.58 (1H, d, J = 2.0 Hz, H-2); 11.14 (1H, 
s, NH). LC-MS (ES-API), m/z: 208.1 [M+H]+.

Methyl 5-methyl-2,3-dihydrobenzofuran- 
7-carboxylate (25) 

Methyl 5-methylbenzofuran-7-carboxylate (24)  
(52 g, 0.274 mol) was dissolved in methanol 
(1000 mL), and the solution was charged with 
10 % palladium on charcoal (5.2 g). The mixture 
was hydrogenated in an autoclave at 50 oC and 
80 atm of hydrogen for 108 h. The resulting mix-
ture was filtered, and the filtrate was evaporat-
ed in vacuo to give the target compound.

A white powder. Yield – 49.2 g (93.6 %). Anal. 
Calcd for C11H12O3,  %: C 68.74; H 6.29. Found,  %: 
C 68.52; H 6.38. 1H NMR (400 MHz, DMSO-d6),  
δ, ppm: 2.23 (3H, s, CH3Ar); 3.14 (2H, t, J = 8.8 Hz,  
CH2Ar); 3.77 (3H, s, OCH3); 4.57 (2H, t, J = 8.8 Hz,  
OCH2); 7.24 (1H, s, ArH); 7.37 (1H, s, ArH). LC-MS  
(ES-API), m/z: 193.1 [M+H]+.

2-Methyl-5,6,7,8-tetrahydroquinolin-4(1H)- 
one (35) 

The solution of 2-methylquinolin-4-ol (34) 
(150 g, 0.943 mol) in methanol (1500 mL) was 
charged with 10 % strength palladium on carbon 
(15 g). The resulting mixture was hydrogenated 
at 50 oC and 50 atm of hydrogen for 48 h. After  
the time was over, the solid was filtered off, and 
the filtrate was evaporated to dryness in a vacu-
um evaporator to give the title compound.

A beige powder. Yield – 149 g (96.9 %). M. p.  
239 – 241 oC. Anal. Calcd for C10H13NO,  %: C 73.59;  
H 8.03; N 8.58. Found,  %: C 73.71; H 7.92; N 8.54.  
1H NMR (500 MHz, DMSO-d6), δ, ppm: 1.53 – 1.71 
(5H, m); 2.11 (3H, s, CH3); 2.18 – 2.26 (3H, m); 
5.75 (1H, s, H-3); 10.88 (1H, s, NH). LC-MS (ES-
API), m/z: 164.2 [M+H]+.

Octahydropyrrolo[1,2-a]pyrazine-1-car-
boxylic acid (38) and octahydropyrrolo[1,2-
a]pyrazine (39) 

The title compounds turned out to be the pro- 
ducts of the hydrogenation reaction utilizing the 
same starting compound and the same conditions 
(given below), but using different batches of 20 % 
Pd(OH)2/C catalyst. The loadings of the initial 
pyrrole were 0.5 g to have octahydropyrrolo[1,2-
a]pyrazine and 3.2 g for octahydropyrrolo[1,2-a]
pyrazine-1-carboxylic acid. The procedure below 
is given for an occasion of the decarboxylated de- 
rivative; for another product, the quantities are 
proportional.

The solution of 1,2,3,4-tetrahydropyrrolo[1,2-
a]pyrazine-1-carboxylic acid (37) (0.5 g, 0.003 mol)  
in water (10 mL) was loaded with 20 % palladium  
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hydroxide on carbon (0.05 g), and the mixture 
was hydrogenated at 100 oC and 100 atm of hy-
drogen for 12 h. After completion of the reaction 
the catalyst was filtered off, and the solvent was 
evaporated under reduced pressure providing the  
title compound.

Octahydropyrrolo[1,2-a]pyrazine-1-carboxylic  
acid (38)

A white powder. Yield – 3.11 g (95 %). Anal. 
Calcd for C8H14N2O2,  %: C 56.45; H 8.29; N 16.46.  
Found,  %: C 56.28; H 8.41; N 16.68. 1H NMR  
(500 MHz, DMSO-d6), δ, ppm: 1.26 (1H, s); 1.53 – 1.81  
(4H, m); 2.06 (2H, q, J = 8.8 Hz); 2.22 (1H, t, J =  
12.0 Hz); 2.76 (1H, t, J = 12.2 Hz); 2.90 – 3.11 
(3H, m); 3.21 (1H, d, J = 11.8 Hz); 8.36 (1H, s, 
NH+). LC-MS (ES-API), m/z: 171.1 [M+H]+.

Octahydropyrrolo[1,2-a]pyrazine (39)
A colorless oil. Yield – 0.35 g (92 %). B. p. 

85 – 88 oC (0.03 atm). Anal. Calcd for C7H14N2,  %: 
C 66.62; H 11.18; N 22.20. Found,  %: C 66.73; H 
11.05; N 22.38. 1H NMR (400 MHz, DMSO-d6), 
δ, ppm: 1.07 – 1.28 (1H, m); 1.45 – 1.77 (4H, m); 

1.80 – 2.11 (3H, m); 2.17 – 2.27 (1H, m); 2.53 – 2.61 
(1H, m); 2.70 – 2.77 (1H, m); 2.78 – 2.97 (3H, m). 
GC-MS (EI), m/z: 126.0 [M]+.

tert-Butyl 2-(piperidin-4-ylmethyl)pyrro- 
lidine-1-carboxylate (42) 

tert-Butyl 2-(pyridin-4-ylmethyl)pyrrolidine-
1-carboxylate (40) (15.15 g, 0.058 mol) was dis-
solved in 1,4-dioxane (300 mL) followed by add-
ing 10 % palladium on carbon (1.5 g) and the 
mixture was hydrogenated at 80 oC and 100 atm 
of hydrogen for 96 h. After completion of the re-
action the solid was filtered off, and the solvent 
was removed under reduced pressure to give the 
title compound.

A white powder. Yield – 13.4 g (86.5 %). M. p.  
73 – 75 oC. Anal. Calcd for C15H28N2O2,  %: C 67.13;  
H 10.52; N 10.44. Found,  %: C 67.32; H 10.44; 
N 10.58. 1H NMR (500 MHz, CDCl3), δ, ppm: 
0.95 – 1.40 (4H, m); 1.46 (9H, s, 3×CH3); 1.56 – 2.11 
(8H, m); 2.52 – 2.67 (2H, m); 2.95 – 3.11 (2H, m); 
3.25 – 3.43 (2H, m); 3.78 – 3.98 (1H, m). LC-MS 
(ES-API), m/z: 269.2 [M+H]+.
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The Study of the Carbohydrate Composition of Cetraria 
islandica (L.) Ach. Thalli Harvested in Ukraine
Abstract
Aim. To study the component composition of free and total monosaccharides in the raw material of Cetraria islandica (L.) 
Ach. harvested in Ukraine.
Materials and methods. The component composition of free and total monosaccharides in the raw material was determined 
by gas chromatography with mass-spectrometric detection (GC-MS).
Results and discussion. Among the free monosaccharides, the presence of D-perseitol, (6.99 mg g–1) and D-mannitol (1.12 mg g–1) 
was determined. Among the total monosaccharides, the content of D-glucose (203.64 mg g–1) prevailed. D-mannose (53.74 mg g–1), 
D-galactose (51.71 mg g–1), D-xylose (0.83 mg g–1) and L-rhamnose (0.53 mg g–1) were found in lower quantities, as well as 
polyatomic alcohols – D-dulcitol (8.46 mg g–1) and D-mannitol (3.10 mg g–1).
Conclusions. For the first time, the component composition of free and total monosaccharides in the raw material of C. is-
landica harvested in Ukraine has been determined. The results obtained will be used as a component of the comprehensive 
systematic study of the raw material of C. islandica harvested in Ukraine.
Keywords: Cetraria islandica; thalli; component composition; free and total monosaccharides; GC-MS
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Національний фармацевтичний університет Міністерства охорони здоров’я України,  
вул. Пушкінська, 53, м. Харків, 61002, Україна
Вивчення вуглеводного складу слані Cetraria islandica (L.) Ach., заготовленої в Україні
Анотація
Мета. Визначити компонентний склад вільних та загальних моносахаридів у сировині Cetraria islandica (L.) Ach., за-
готовленої в Україні.
Матеріали та методи. Визначення компонентного складу вільних та загальних моносахаридів у сировині проводили 
методом газової хроматографії з мас-спектрометричним детектуванням (ГХ-МС).
Результати і обговорення. Серед вільних моносахаридів виявлено наявність D-персеїтолу (6,99 мг г–1) та D-манітолу 
(1,12 мг г–1). Серед загальних моносахаридів переважав вміст D-глюкози (203,64 мг г–1). У менших кількостях виявлено 
D-манозу (53,74 мг г–1), D-галактозу (51,71 мг г–1), D-ксилозу (0,83 мг г–1) і L-рамнозу (0,53 мг г–1), а також багатоатомні 
спирти D-дульцитол (8,46 мг г–1) і D-манітол (3,10 мг г–1).
Висновки. Уперше визначено компонентний склад вільних та загальних моносахаридів у сировині C. islandica, за-
готовленої в Україні. Отримані результати буде використано як складову частину комплексного всебічного вивчення 
сировини C. islandica, заготовленої в Україні.
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■ Introduction

The study of the carbohydrate composition of  
plant species that are already used in pharmacy 
as the medicinal plant raw material does not lose 
its relevance nowadays [1 – 3]. In recent years, 
studies of the pharmacological activity of poly-
saccharides extracted not only from land plants, 
but also algae, fungi, and lichens have been con-
ducted [4, 5]. In particular, it has been demon- 
strated that polysaccharides extracted from green  
algae exhibit antioxidant, antidiabetic and anti-
obesity effects [6]. There are also data on the ability 
of polysaccharides obtained from various types 
of fungi to exhibit the antitumor activity [7].

Polysaccharides are one of the main groups 
of biologically active substances (BAS) of lichens, 
which attract attention to study various types 
of the pharmacological activity [8, 9]. The poly-
saccharide composition was determined only for 
a small number of lichens, mainly members of 
the families Parmeliaceae, Cladoniaceae and Te- 
loschistaceae [10]. It has been stated that lichen 
polysaccharides are not characterized by signifi-
cant variability of monosaccharides that are part 
of their structure. D-glucose, D-galactose and  
D-mannose commonly prevail in different ratios;  
L-rhamnose, L-arabinose and D-xylose are less  
common structural units [8, 10]. The main struc-
tural forms found in lichens are β- and α-glucans 
and α-mannans [9].

β-D-1,3/1,4-glucan lichenin and α-D-1,3/1,4-
glucan isolichenin are specific polysaccharides for  
Cetraria islandica (L.) Ach. [11, 12]. According 
to the data the quantitative content of lichenin 
can reach up to 27 % of the amount of polymeric 
carbohydrates in a dry substance [13].

The presence of lichenin and isolichenin in 
the raw material of C. islandica is associated with 
a strong anti-inflammatory and expectorant ef-
fect in diseases of the upper respiratory tract, 
as well as a stimulating effect on various parts 
of the immune defense system [11, 14, 15]. The 
recent research was devoted to the study of me- 
chanisms of wound healing and the antitumor 
action of lichenin, and showed the absence of 
such activity for lichenin-derived oligosaccha-
rides [16].

Since the extraction of lichenin and isoliche- 
nin from the raw material requires special condi-
tions, in particular temperature and pH of an ex-
tractant [16, 17], there are studies devoted to the 
optimization of the method to obtain these and  
other polysaccharides from C. islandica [18 – 20].

Studies of the carbohydrate composition of 
C. islandica were actively conducted in the late 
1990s–early 2000s [9, 13, 20, 21]. The works were  
related to the isolation, analysis of the structure 
and the component composition of polysaccha-
rides, in particular, the determination of the mo- 
nosaccharide ratios [20, 21], as well as the nutri-
tional value of lichen as fodder for reindeer [13].  
The presence of D-glucose, D-galactose, D-man-
nose, L-rhamnose, L-arabinose, D-xylose and  
L-fucose was determined in the raw material of 
C. islandica collected in Norway [13]. In the lite- 
rature sources available to us, we found a few 
data on the carbohydrate composition of the raw 
material of C. islandica harvested in Ukraine – 
polysaccharides in the raw material harvested 
in the Ivano-Frankivsk region were studied [22].

Therefore, the study of the component com-
position of monosaccharides in the thalli of C. is- 
landica harvested in Ukraine is a relevant issue 
as a part of the comprehensive systematic study 
of the component composition of BAS of the raw 
material and its further processing and use in 
pharmacy.

Hence, the aim of the work was to study the 
component composition of free and total mono-
saccharides in the raw material of C. islandica 
(L.) Ach. harvested in Ukraine.

■ Materials and methods

Plant raw material 
Thalli of C. islandica collected in the fall of 

2019 in the Rakhiv district of the Zakarpattia 
region were used for the study. The raw mate-
rial was dried to an air-dried condition in the 
open air under a cover and stored in paper bags 
in a dry place.

Sample preparation. The plant raw mate- 
rial was ground by a laboratory mill LGM-1 (Olis,  
Ukraine), then 335 mg of the sample was placed 
in a round-bottom flask and 10 mL of 80 % ethyl 
alcohol; D-sorbitol as an internal standard (Sig-
ma-Aldrich, USA) was added (500 μg per sam-
ple). Extraction of the free monosaccharides was 
carried out on a boiling water bath with a reflux 
condenser for 2 h. After that, 2 mL of the extract 
was separated, evaporated to remove the solvents 
in a rotary evaporator and resuspended by add-
ing an aqueous solution of the internal standard 
(250 μg in 2 mL of water per sample).

To determine the total monosaccharides, 90 mg  
of the ground raw material was placed in a round-
bottomed flask, and 5 mL of 2 M trifluoroacetic 



ISSN 2308-8303 (Print) / 2518-1548 (Online) 23

Journal of Organic and Pharmaceutical Chemistry 2022, 20 (4)

acid was added. Hydrolysis was carried out on a 
boiling water bath with a reflux condenser for 6 h.  
Then 2 mL of the hydrolyzate was separated, 
evaporated until the solvents were removed, in 
the process water was added several times, with 
further removal of the hydrolyzate to complete 
elimination of trifluoroacetic acid. Re-suspend-
ing was carried out by adding an aqueous solu-
tion of the internal standard (250 μg in 2 mL of 
water per sample) [3, 23].

Derivatization. To obtain aldononitrile de-
rivatives of monosaccharides, the pre-treated 
samples of the extract were taken, and 0.3 mL 
of the derivatizing reagent (32 mg mL–1 of hy-
droxylamine hydrochloride in a mixture of pyri-
dine/methanol (4:1 v/v)) was added to each one.  
The mixture obtained was incubated in an oven 
at 75 °C for 25 min. For acetylation of aldononit- 
rile derivatives of the monosaccharides obtained,  
1 mL of acetic anhydride was added, and the 
mixture was kept in an oven at 75 °C for 15 min. 
Then, 2 mL of dichloroethane was added to the 
reaction mixture, the excess of derivatization re- 
agents was removed by consecutive processing 
of the mixture with 1 N hydrochloric acid and 
water. The dichloroethane layer was dried in a 
rotary evaporator and dissolved in 300 μL of the 
mixture of heptane/ethyl acetate (1:1 v/v) [23].

Conditions of chromatographic separa- 
tion. The component composition of free and to- 
tal monosaccharides in the raw material was de-
termined by gas chromatography with mass-spec-
trometric detection (GC-MS). For the analysis 
of free and total monosaccharides, aldononitrile 
acetates were obtained after the appropriate 
sample preparation [23].

The chromatographic separation was per-
formed on an Agilent 6890N gas chromatograph 
with a 5973 inert mass detector (Agilent tech-
nologies, USA) and a HP-5ms capillary column 
(30 m × 0.25 mm × 0.25 μm, Agilent technolo-
gies, USA). The temperature of the evaporator 
was 250 °C, the temperature of the interface was 
280 °C. The separation was carried out in the fol- 
lowing temperature programming mode: the ini- 
tial temperature of 160 °C was held for 8 min, then  
raised to 240 °C at the rate of 5 °C min–1 and main- 
tained at this point for 6 min. 1 μL of the sample 
was injected in the split mode 1 : 50. Detection 
was performed in the SCAN mode in the width 
range of 38 – 400 m/z. Helium was used as a car-
rier gas with a flow rate of 1.2 mL min–1 [24].

Identification and quantification. Identi-
fication of monosaccharides of the mixture studied  

was based on their retention times compared to  
standards of monosaccharides (Sigma-Aldrich, 
USA) and using the mass spectral library NIST 02.

The quantitative content of monosaccharides  
(mg g–1) was calculated according to the formula:

X �
S × M × V ×

x inst sol
1000

S
inst extr

× ×m V
,

where: Sx is the peak area of the compound; Sinst is  
the peak area of the internal standard; Minst is 
the mass of the internal standard per sample, mg;  
m is the mass of the sample, mg; Vsol is the volu- 
me of the solvent for extraction, mL; Vextr is the 
volume of the extract for derivatization, mL [23].

■ Results and discussion

The chromatogram of the free monosaccha-
rides is shown in Figure 1. The results of the de-
termination of the component composition and  
the quantitative content of the free monosaccha- 
rides in the raw material of C. islandica, as well 
as their chromatographic parameters are shown 
in Table. 1. The peak with RT 9.77 on the chro-
matogram corresponds to triacetin that do not 
belong to the class of BAS studied, and, there-
fore, is not discussed further.

According to the data in Table 1, sugar alco-
hols – D-perseitol with the content of 6.99 mg g–1,  
and D-mannitol with the content of 1.12 mg g–1 
were identified.

The chromatogram of the total monosaccha- 
rides is shown in Figure 2. The results of deter- 
mining the component composition and the quan- 
titative content of the total monosaccharides, as  
well as their chromatographic parameters, are 
shown in Table 2. The rest of the peaks on the 
chromatogram correspond to the identified com-
pounds that do not belong to the class BAS stud-
ied or have not been identified.

According to the data in Table 2, seven com-
pounds were identified; among them 5 belonged 
to monosaccharides and 2 – to sugar alcohols. 
Among monosaccharides, D-glucose dominated –  
203.64 mg g–1. A high content of D-mannose 
(53.74 mg g–1) and D-galactose (51.71 mg g–1) was  
also determined. Much lower content was obser- 
ved for D-xylose (0.83 mg g–1) and L-rhamnose 
(0.53 mg g–1). The quantitative content of sugar 
alcohol – D-dulcitol (D-galactitol) was 8.46 mg g–1,  
D-mannitol – 3.10 mg g–1. The data regarding 
D-dulcitol in the raw material of C. islandica was 
presumably reported for the first time.
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Figure 1. The GC-MS chromatogram of the free monosaccharides in the raw material of C. islandica
 

Figure 2. The GC-MS chromatogram of the total monosaccharides in the raw material of C. islandica

Table 1. The component composition of the free monosaccharides in the raw material of C. islandica

Peak number Retention time, min Peak area Compound Content, mg g–1

1 10.0503 50.3532 D-perseitol 6.99
2 15.792 8.0327 D-manitol 1.12
3 16.013 35.8272 D-sorbitol Internal standard
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■ Conclusions

1. For the first time, the component composi-
tion of free and total monosaccharides in the raw 
material of C. islandica harvested in Ukraine has 
been determined. 

2. Among  the  free   monosaccharides,  the 
presence of D-mannitol has been determined; its 

quantitative content is 1.12 mg g–1. Among the 
total monosaccharides, the content of D-glucose 
(203.64 mg g–1), D-mannose (53.74 mg g–1) and 
D-galactose (51.71 mg g–1) prevails.

3. The results obtained will be used as a compo-
nent of the comprehensive systematic study of the 
raw material of C. islandica harvested in Ukraine; 
they will be taken into account for further research.
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Polymethine Dyes Based on 2,2-Difluoro-1,3,2-dioxaborine: 
A Minireview
Abstract
Aim. To summarize and analyze literature data on the polymethine dyes containing the 2,2-difluoro-1,3,2-dioxaborine ring.
Results and discussion. Boron difluoride complex of β-diketone (2,2-difluoro-1,3,2-dioxaborine, F2DB) is a unique structural 
motif endowing organic compounds with prominent physicochemical properties, such as a strong fluorescence and high mo-
lar attenuation coefficients. Incorporation of the F2DB core into a polymethine chromophore either as an end-group or as an 
integral part of the polymethine chain allows obtaining dyes with exceptional characteristics, highly appealing for design of 
up-to-date functional materials. This review focuses on the synthesis and spectral properties of the F2DB-containing polymethines 
along with the latest advancement in the synthesis of highly fluorescent polyanionic polymethines. A brief discussion of the 
effects of the structural modification of the π-conjugated system on the photophysical properties of dyes is included.
Conclusions. The literature on the F2DB-containing polymethines demonstrates a high potential of the F2DB core for the 
development of strongly fluorescent and intensely absorbing dyes. 
Keywords: dioxaborine; polymethine; merocyanine; anionic dye; absorption; fluorescence
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Поліметинові барвники на основі 2,2-дифлуоро-1,3,2-діоксаборину: міні-огляд
Анотація
Мета. Узагальнити та проаналізувати літературні дані про поліметинові барвники на основі 2,2-дифлуоро-1,3,2-
діоксаборину.
Результати та їх обговорення. Бородифлуоридний комплекс β-дикетону (2,2-дифлуоро-1,3,2-діоксаборин, F2DB) є унікаль-
ним структурним елементом, який надає органічним сполукам особливі фізико-хімічні властивості, такі, як сильна 
флуоресценція та високі коефіцієнти молярної екстинкції. Уведення ядра F2DB до поліметинового хромофора як кін-
цевої групи чи як складової частини поліметинового ланцюга дає змогу отримувати барвники з винятковими характе-
ристиками, привабливі для розробки сучасних функціональних матеріалів. У цьому огляді висвітлено питання синтезу 
та спектральних властивостей поліметинів, що містять ядро F2DB, а також останні досягнення в синтезі високофлуо-
ресцентних поліаніонних поліметинів. Додано коротке обговорення впливу структурних модифікацій π-спряженої 
системи на фотофізичні властивості барвників.
Висновки. Аналіз літератури про поліметини, що містять ядро F2DB, свідчить про високий потенціал діоксаборино-
вого комплексу для розробки барвників з яскравою флуоресценцією та інтенсивним світлопоглинанням.
Ключові слова: діоксаборин; поліметин; мероціанін; аніонний барвник; абсорбція; флуоресценція
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■ Introduction

Polymethines are arguably the most versatile 
class of organic dyes due to a broad viable range 
of structural fine-tuning that allows obtaining 
dyes with predetermined characteristics [1]. 
Numerous polymethine dyes of varying structure 
are reported to date, of which those bearing the 
2,2-difluoro-1,3,2-dioxaborine ring have only re-
cently gained a particular attention. The interest  
in dioxaborine-containing polymethines is mostly  
driven by their unique physicochemical proper-
ties, in particular, high molar attenuation coef-
ficients (e), a strong fluorescence in both visible 
and near-infrared (NIR) spectral regions, high 
stability in solutions and in the solid state.  
Accordingly, they became promising objects for 
applications in NLO materials [2 – 7], as fluoro-
genic probes for labeling of DNA [8], lipids [9, 10],  
and proteins [11, 12], as molecular rotors [13, 14],  
and as photosensitizers for a long-wavelength 
cationic photopolymerization [15].

This Perspective summarizes the advance-
ments in research of the F2DB-containing poly-
methines, as well as the fundamentals of their 
structure/property relationships. Dioxaborines 
bearing other than fluorine substituents at the 
boron atom, such as CN2DB- or Ph2DB-contain-
ing compounds [16, 17], are not included. The con- 
tent is organized in regard to the position of the di-
oxaborine ring within the polymethine chromo-
phore (as an end-group or as an integral part of 
the π-chain) and the electronic composition of the  
π-conjugated system (dipolar/quadrupolar mero- 
cyanines or anionic dyes). Although a short note 
regarding the applications of the F2DB-contain-
ing polymethines is included, for more sophis-
ticated discussion of the dioxaborine applica-
tions readers are encouraged to consult recent 
reviews [18 – 20].

■ Results and discussion

1. 2,2-Difluoro-1,3,2-dioxaborine 
According to the IUPAC recommendations, 

the dioxaborine core, specifically, its betainic va- 
lence formulae, should be named as follows:  
2,2-difluoro-1,3,2-oxaoxoniaborinine (Figure 1, 
compound 1: R1 = R2 = R3 = H). Nevertheless, the  
name “2,2-difluoro-1,3,2-dioxaborine” for the F2DB  
complex, first introduced in 1969 [21] has got a  
wide acceptance. For simplicity, throughout this 
Perspective dubbings “dioxaborine” and “F2DB” 
are consistently used, though no acronym for the  

2,2-difluoro-1,3,2-dioxaborine core, (as “BODIPY”  
for compounds with the borondipyromethene core)  
has been established yet.

1.1. General synthetic methods 
The ability of β-diketones to form coordina-

tion complexes with metalloids (boron, silicon, 
germanium, etc.) was demonstrated more than a 
century ago when the synthesis of the first boron 
β-diketonate complexes – bis(acetylacetone) bo-
ronium salts [(C5H7O2)2B]AuCl4 and [(C5H7O2)2B]
PtCl6 – was reported [22]. These complexes were 
obtained by the reaction of acetylacetone with 
boron trichloride followed by the treatment of 
the intermediate (C5H7O2)2BCl with tetrachloro-
aurate or hexachloroplatinate salts. However, bo- 
ronium salts were not formed when boron trifluo- 
ride was used instead of BCl3. The treatment of 
acetylacetone with boron trifluoride results in 
a substitution of only one fluorine atom, yield-
ing the difluoroboron complex of acetylacetone 
(BF2-acetylacetone) [23]. The report on obtain-
ing BF2-acetylacetone is the first account of the  
dioxaborine synthesis employing enolizable β-dike- 
tones and boron trifluoride. This method has sin- 
ce become the most common synthetic approach 
to dioxaborines (Scheme 1) [3, 23]. As for the syn- 
thesis of enolizable β-diketones, the synthetic me- 
thods varied broadly, from Claisen condensation  
to modern practices of using strong bases and 
a wide variety of both acylating agents and al- 
kyl(aryl)substituted ketones [24, 25].

β-Diketones can also be synthesized through 
the Lewis base promoted acylation of aromatic 
compounds. Boron trifluoride as a Lewis base al-
lows obtaining dioxaborines from aromatic com- 
pounds in one stage (Scheme 2) [26 – 42]. This me- 
thod is particularly convenient for the synthesis 
of arylsubstituted and benzannelated dioxaborines.

4,5-Disubstituted dioxaborines can be ob-
tained directly from epoxy(aryl)ketones though 
the ring-opening → rearrangement → BF2-com-
plexation sequence initiated by BF3 (Scheme 3) 
[43 – 45]. Electron-donating substituents as R1 and  
R2 tend to accelerate the rearrangement, while 
electron-withdrawing ones slow it down.
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5
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R2
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Figure 1. The structure of the F2DB core
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1.2. Fundamental properties 
The 2,2-difluoro-1,3,2-dioxaborine complex is  

a donor-acceptor system constituting the β-diketo- 
nate ligand as an electron donor and boron difluo- 
ride as an electron acceptor (Figure 2, a). A dipolar 
character of the F2DB core implies the high dipole 
moment, amounting to, for example, 7.6(±0.3) D  
and 6.7(±0.3) D in 1,4-dioxane for the BF2-comple- 
xes of benzoylacetone and dibenzoylmethane, re-
spectively [46]. Theoretical investigations suggest  

that the major contribution to such a strong po- 
larization is the shift of the π-electron cloud of  
β-diketonate toward the acceptor BF2 group 
(Figure 2, b: structure C) [47].

The depiction of the F2DB core in a charge-
separated resonance form can be misleading since  
a boron atom carries no negative charge. Analo-
gously to inorganic borates (e.g., BF4) [48], the nega- 
tive charge is shifted to more electronegative fluo- 
rine atoms (Figure 2, b: structures A and B) [47].
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Scheme 1. The general approach to the dioxaborine synthesis 
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Aromatic delocalization is not realized in the  
dioxaborine ring – the Nucleus-Independent Che- 
mical Shift for 1 (Table 1) amounts to +2.3 ppm 
[47]. The calculated NICS implies negligible con-
tribution of the BF2 group into the cyclic deloca- 
lization (for the aromatic system, the NICS 
should be lesser than –3 ppm [49]). In addition, 
the quantum-chemical calculations have shown 
the Bpπ–Opπ bonding is more than 4 times weak-
er than both Оpπ–Сαpπ and Сαpπ–Сβpπ bonding, 
thus indicating the absence of the ring current. 
The results of the detailed investigation of the 
electronic structure of the dioxaborine core, in-
cluding the energies and spatial distribution of 
the molecular orbitals, as well as the X-ray and 
spectral data of the simplest dioxaborines, are 
reported elsewhere [46, 47, 50–53].

The chelation of the β-diketonate structure 
by boron difluoride results in a substantial alte- 
ration of its properties. Closing of β-diketonate 
by the BF2 group is usually accompanied by a  
bathochromic shift of the absorption maximum 
(λa

max) and an increase of the molar attenuation 
coefficient (e). The magnitude of these effects is 
largely dependent on the structure of the parent 
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Figure 2. (a) The resonance forms of 2,2-difluoro-1,3,2-dioxaborine; (b) total charges of compound 1 (B) and tetrafluoroborate  
anion (A) according to the Mulliken population analysis (bold) and the natural population analysis (italics; DFT B3-LYP);  
charges of the π-system of 1 (C; Pariser–Parr–Pople approach)
 

Table 1. Electron affinities of substituted dioxaborines calculated 
by DFT-B3LYP

O O
B

R1 R3

F F

R2

Compound R1 R2 R3 EA, eV[a]

1 H H H 0.97
2 CH3 H CH3 0.63
3 CH3 H Ph 2.31
4 Ph H Ph 2.11
5 H CN H 1.81
6 CN H H 2.17
7 H NO2 H 1.8
8 NO2 H H 2.51
9 CF3 H CF3 2.34

10 p-NO2Ph H p-NO2Ph 2.98
11 CN H CN 3.37
12 NO2 H NO2 3.52

Note: [a] The EA value measures the ability of a neutral molecule (X)  
to gain an electron:

X + e- → X- + EA

where EA is the energy released upon addition of an electron.
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compound. For example, the absorption band of  
the BF2-complex of acetylacetone lies 11 nm batho- 
chromically and is twice as intense as that of ace- 
tylacetone (Figure 3), while for BF2-curcumin the  
redshift vs. curcumin is much larger (see Figu- 
re 9). The downfield shift of the 1H NMR signal 
of methyl groups of BF2-acetylacetone complies 
with the electron-withdrawing effect of the BF2 
group on the β-diketonate scaffold [46].

The 19F NMR spectra of dioxaborines do not 
conform with the theoretical model based on the 
properties of the 19F, 10B, 11B nuclei. Considering 
the number of B nuclei (n) in 2nl+1 is one and 
nuclear spins (I) of 10B and 11B are equal to 3 and 
3/2, respectively, the 11B–19F coupling should lead  
to an appearance of a quartet (1:1:1:1 intensity 
ratio), while the 10B–19F coupling should result 
in a heptet (1:1:1:1:1:1:1). Instead, the 19F NMR 
spectra of compounds containing the F2DB unit 
usually comprise a doublet with the intensity 
ratio of 1:4, reflecting the natural abundances 
of 10B (19.09 %) and 11B (80.1 %) isotopes [54]. 
Interestingly, such a coupling-deprived pattern 
with different resonance frequencies of 19F atom 
bonded to 10B and 11B is also observed for AgBF4 
in 80 % aqueous acetonitrile [55]. The absence of 
11B–19F and 10B–19F coupling has not been con-
clusively explained so far; a suggestion of the ra- 
pid quadrupolar relaxation of the boron nuclear- 
spin states, which effectively decouples the bo-
ron from the fluorine nuclei, is debunked experi-
mentally by examining their 11B resonance [46]. 
In contrast to dioxaborines, BODIPYs are char-
acterized by the appearance of a quartet in their 
19F NMR spectra reflecting the 11B–19F coupling 
(the 10B–19F coupling pattern is rarely visible due  
to a low abundance of the 10B isotope and its 
small magnetogyric ratio, though for compounds 
with inequivalent fluorine atoms such a pattern 
can be spotted [56]). 

As was described above, the electron-accept-
ing nature of the dioxaborine core results from the 
withdrawal of the π-electron cloud from β-dike- 
tonate towards BF2, thus making the OCCCO scaf-
fold electron deficient. Modulation of the accept-
ing strength can be achieved through the intro-
duction of various substituents at positions 4, 5, 
and 6 of the dioxaborine scaffold. As a quantita-
tive measure of the accepting strength, a mole- 
cular electron affinity (EA) can be used (Table 1) 
[47, 57]. Thus, considering the calculated values 
of EA, unsubstituted dioxaborine complex 1 is an 
acceptor of a moderate strength (EA = 0.97 eV) 

comparable to nitrobenzene (EA = 1.00 eV [58]). 
The insertion of one strong electron-withdrawing  
substituent into a β-diketonate backbone, such 
as CN or NO2, doubles the magnitude of EA (com- 
pounds 5 – 8), while the bis-substitution into po-
sitions 4 and 6 makes the F2DB core a strong 
acceptor (compounds 9 – 12) comparable to tetra-
cyanoethylene (EA = 3.17 eV [59]). 

1.3. Simple dioxaborine-containing  
            π-conjugated systems 

Although BF2-acetylacetone absorbs in the near  
UV region (Figure 3), its absorption maximum 
can be red-shifted via the substitution of methyl 
groups with other alkyl or aryl groups. For ex-
ample, the replacement of both CH3 by tert-bu-
tyls results in a 10 nm bathochromic shift and a 
slight increase of the molar absorptivity due to 
hyperconjugation (Table 2) [46]. Extending the 
effective length of the conjugated π-system by  
the introduction of unsubstituted phenyl rings re- 
sults in larger bathochromic shifts (Δλa

max = 47 nm  
when 2 → 3 and 35 nm when 3 → 4).

The absorption bands of the arylsubstituted di-
oxaborines have several maxima attributed to dif-
ferent electronic transitions. The DFT calculations 
ascribed the long-wavelength band (328 – 365 nm)  
of compounds 3, 4, 15 – 17 to the 1π–π* excitation 
delocalized within the whole molecule, while the  
short-wavelength peak (265 – 270 nm) was linked 
to the redistribution of the electron density from 
aromatic substituents to the F2DB core (light-in-
duced intermolecular charge transfer) [51, 52].

The introduction of electron-donating substitu- 
ents (methoxy or dialkylamine) into the para-
position of the phenyl ring of compound 3 leads 
to a substantial redshift of the absorption maxi-
mum and large increase of the fluorescence in- 
tensity (Table 3) [60]. The reasoning behind such  
spectral changes is not only due to an enhance-
ment of the intermolecular charge transfer, but  

O O
H

H3C CH3

O O
B

H3C CH3

F F

272 nm 283 nm

8500 16980

�a
max =

� [M�1 cm�1] =

H H
5.52 6.02

2.04 2.28

Figure 3. The impact of the BF2-chelation of acetylacetone  
on the spectral properties (NMR data in CDCl3; λa

max and e in CHCl3 
as the solvent)
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also due to the incorporation of an additional elec- 
tron pair from O- and N-atom to the π-system, 
thus slightly expanding the effective conjugation 
length and altering its electronic structure. 

The fluorescence intensity of compound 3 can  
also be increased by hindering free rotation of the 
phenyl ring around the bond linking it to the F2DB 
core. For instance, the insertion of –СH2–CH2–  
and –С(O)–О– bridges via the ortho-position of 
the phenyl ring and position 5 of the F2DB core 
leads to a substantial increase of the fluorescen- 
ce intensity (820-fold for 3 → 25 and 102-fold for 
3 → 27; Table 4) [32, 60]. Further insertion of 
methoxy or dialkylamino groups into the para-
position of the phenyl ring greatly increases the 
molar absorptivity (compounds 26 and 28).

Benzannelation of the phenyl ring of com-
pound 3 results in a redshift of λa

max, a signifi-
cant increase of e, and a considerable fluorescen- 
ce enhancement (3 → 29; Table 4) [61]. The repla- 
cement of the naphthyl substituent with 3-cou-
marinyl (29 → 30) shifts the absorption maxi-
mum bathochromically by 37 nm, while the mo- 
lar absorptivity drops drastically, and the fluo-
rescence is nearly quenched [32]. Expectedly, the  
introduction of a dialkylamino group into the para- 
position of the phenyl ring (30 → 32) induces both  
a large redshift of λa

max and an increase of the 
fluorescence quantum yield. Note that dioxabo- 
rine 32 is characterized by an exceptionally high 
molar attenuation coefficient (ε = 98500 M-1 cm-1 
in DCM) compared to other simple dioxaborines.

Table 2. Characteristics of the UV absorption spectra of simple dioxaborines in CHCl3

O O
B

R1 R3

F F

R2

Compound R1 R2 R3 λa
max [nm] log(ε)

2 CH3 H CH3 283 4.23
3 CH3 H Ph 265, 328, 342 3.69, 4.47, 4.29
4 Ph H Ph 270, 365, 378 3.69, 4.62, 4.57

13 CH3 H t-Bu 289 4.26
14 tBu H t-Bu 293 4.35
15 nPr H Ph 265, 330, 346 3.69, 4.51, 4.35
16 iPr H Ph 265, 333, 346 3.69, 4.50, 4.32
17 tBu H Ph 265, 332, 346 3.69, 4.49, 4.33
18 2-pyridyl H Ph 368, 385 4.54, 4.49
19 2-thienyl H CF3 325, 365 4.27, 4.37
20 CH3 CH3 CH3 304 4.19
21 CH3 CH3 Ph 260, 334 3.65, 4.36
22 Ph CH3 Ph 260, 360 3.65, 4.48

 

Table 3. Spectral properties of compounds 3, 23, and 24 in CHCl3 and MeCN

R

O
B

O

CH3

F F

H OMe NMe2

3 23 24

R =

Compound Solvent λa
max[nm] ε × 10-4 [M-1 cm-1] λf

max [nm] Φf Δvs [cm-1]

3
СHCl3 328 2.95 382 9·10-4 4310
CH3CN 328 2.69 – – –

23
СHCl3 359 4.57 388 0.37 2080
CH3CN 356 – 399 0.27 3030

24
СHCl3 422 2.88 463 0.45 2100
CH3CN 423 – 485 1·10-3 3020

 



ISSN 2308-8303 (Print) / 2518-1548 (Online) 33

Journal of Organic and Pharmaceutical Chemistry 2022, 20 (4)

2. Dioxaborine as an end-group  
         of the polymethine dyes 

Polymethine dyes constituting the F2DB core  
as an end-group (A) can be divided into neutral  
dipolar compounds of the A–π–D type (also known  
as merocyanines [62]; D is the electron donor 
end-group) and anionic symmetric (A–π–A) or 
non-symmetric (A–π–A’) dyes (Figure 4).

The electronic structure of polymethine dyes 
in the ground state S0 can be rendered as super- 
position of two boundary states: (i) polyene state,  
which is characterized by low degree of π-delo- 
calization and a considerable alternation of the  
single and double bonds along the π-chain; and 
(ii) ideal polymethine state (or cyanine-like sta- 
te [1, 63]) where π-delocalization is of the highest  
degree with no alternation of the bond orders 
along the π-chain [64]. The contribution of each of 
these states to the resulting electronic structure  
of a dye in the ground state S0 is dependent on the 
structure of the end-groups and the length of the 
polymethine chain. The qualitative assessment 
of their relative contribution can be made on the 

grounds of spectral properties of a polymethine 
dye. An approach to the ideal polymethine state 
is usually accompanied by a narrowing of the ab- 
sorption and emission bands, an increase of the 
molar absorptivity, and enhancement of the flu-
orescence intensity [65 – 67]. Taking into account 
these considerations the dioxaborine-containing 
merocyanines can be divided into two types of scaf- 
folds depending on the electron-donating power of  
the end-group – type I containing weakly electron- 
donating para-(dialkyl(aryl)amino)phenyl or para- 
alkoxyphenyl end-groups, and type II dyes with  
stronger electrondonating end-groups (e. g., ben-
zannelated heterocycles). Generally, the electro- 
nic structure of type II F2DB-merocyanines is more 
closely approaching the ideal polymethine state 
when compared to type I dyes.

2.1. Synthesis of merocyanines  
            and anionic polymethines 

Most of the documented F2DB-merocyanines 
of type I contain end-group para-alkoxy- or para- 
dialkylamino-substituted aromatic rings as an 
electron donor. These compounds can be prepared 

Table 4. Optical properties of dyes 25 – 32 in dichloromethane (DCM)

O O
B

CH3

F F

O O
B

O

CH3

F F

OR

29

30

R = H OH NEt2

31 32

O O
B

R

CH3

F F

25

R = H OMe

26

O O
B

R

CH3

F F

27

R = H NMe2

28

O O

Compound λa
max [nm] ε × 10-4 [M-1 cm-1] λf

max [nm] Φf Δvs [cm-1]
25 360 2.09 418 0.74 3850
26 383 3.63 414 0.69 1960
27 343 0.87 423 0.092 5510
28 424 5.68 465 0.11 2080

29
344 3.43 – 0.63 –

380[a] 0.99[a] 459 – 4530
30 381 2.97 489 0.094 5800
31 385 2.70 443 0.23 3400
32 498 9.85 532 0.78 1280

Note: [a] shoulder
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Figure 4. The general structures of merocyanines and anionic dyes containing the F2DB core as an end-group 
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by (I) condensation of methyl-substituted di- 
oxaborines with benzaldehydes or cinnamic alde- 
hydes when heating in acetic anhydride (Scheme 4,  
Path A) [2, 10, 21, 68, 69], or (II) aldol conden-
sation of ortho-hydroxyphenones with benzalde-
hydes followed by treating with trifluoroborate 
etherate (Scheme 4, Path B) [70, 71]. The modi-
fication of the first method includes the initial in  
situ synthesis of the dioxaborine core from 
β-diketonate and BF3·Et2O and further treat-
ment of the intermediate compound with cinna-
maldehyde in the presence of trialkylborate and 
n-butylamine [72].

The electron donor group of type II dipolar  
polymethines with the F2DB core is represented  
by benzannelated heterocycles, such as N-alkyl- 
3,3-dimethylindolenine, N-alkylquinoline or N-al- 
kyl-benzothiazole. Similarly to type I polymethi- 
nes, these dyes can also be synthesized from me-
thyl-substituted dioxaborines and unsaturated al- 
dehydes when heating in acetic anhydride (Sche- 
me 5, Path A) [73 – 77]. Instead of aldehydes, ca- 
tionic hemicyanines can be used as an electro-
philic substrate (Scheme 5, Path B) [74]. 

Neutral hemicyanines derived from dioxabo- 
rines are also suitable electrophilic reagents for 
the synthesis of dioxaborine-containing mero- 
cyanines. The two-step synthetic sequence invol- 
ves the condensation of methyl substituted dioxa- 
borines with dimethylformamide [73, 77], ethyl 
isoformanilide [74], dianils of malondialdehyde 

[9, 11, 74, 77, 78] or glutaconaldehyde [9] follo- 
wed by the reaction of the obtained hemicyani- 
nes with quaternary heterocyclic salts (Scheme 5,  
Path C).

Symmetric anionic dioxaborine-containing po- 
lymethines can be synthesized in one stage from 
methyl-substituted dioxaborine and triethyl or-
thoformate [73, 79, 80], acrolein diethyl acetal 
[79], dianils of malondialdehyde [6] or glutaconal-
dehyde [78, 81], salts of 1,7-bis(dimethylamino)
hepta-1,3,5-trienes [3, 6] in the presence of a 
base and acetic anhydride (Scheme 6, Path A). 
Polymethines with functional groups in the poly- 
methine chain can be obtained similarly via the 
condensation of functionalized iminium salts 
with dioxaborine nucleophiles [3, 5, 79, 80, 82]. 
An alternative path to F2DB-containing anionic 
dyes includes the two-stage sequence starting 
from the F2DB-containing hemicyanine synthe-
sis and subsequent condensation of the obtained 
intermediate with the nucleophile (Scheme 6, 
Path B) [78]. By this method non-symmetric 
dyes can be obtained [83].

2.3. Spectral properties of dioxaborine- 
            containing merocyanines 

Dipolar type I F2DB-merocyanines are char-
acterized by absorption in the visible region 
(400 – 650 nm). The bathochromic shift upon ex- 
tending of the polymethine chain by one vinylene 
group (vinylene shift) amounts to nearly 50 nm  
(50 nm for 36 → 38 in MeCN or 42 nm for 39 → 40  
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in 1,2-dichloroethane; Tables 5 and 6) [21, 69], 
while for the dye with a diethylamine end-group 
vinylene shift reaches 84 nm in MeCN (33 → 34).  
Considering that the vinylene shift of symmetric 
cyanine dyes – polymethines, which approach the  
ideal polymethine state in the ground state S0, –  

reaches 100 nm [63], such a low vinylene shift of 
type I F2DB-merocyaniens marks their polyenic- 
like electronic structure.

In addition to the lengthening of the π-chain, 
the structural modification of the electron donor 
end-group can also yield a significant bathochromic  
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shift. For instance, the replacement of the me- 
thoxy by a dialkylamino group leads to a 100 nm  
redshift of λa

max (35 → 36 in MeCN) and a three-
fold increase of the molar absorptivity. The fluo- 
rescence quantum yield of 4-(dialkylamino)phe- 
nyl-containing polymethines is also exceptionally  
high as for polymethine dyes (0.8 in toluene for 
dye 39). The fluorescence intensity of the type I  
F2DB-containing merocyanines significantly de- 
creases with a decrease of the solvent polarity. 
Such sensitivity to the environment polarity  
stimulated an extensive research on dimethine- and  
tetramethine-bridged donor-acceptor systems as  
fluorescent probes for bioimaging [10, 72, 84 – 88].

Merocyanines bearing the BF2-complex of 
8-(dialkylamino)-3-acetyl-4-hydroxycoumarin 
have outstanding spectral properties among the 
type I F2DB-merocyanines, such as a high molar 
extinction coefficient and a strong fluorescence 

(Table 7) [10, 14]. Similar to compounds 39 and 
40, dyes 41 and 42 are characterized by a high 
sensitivity of the fluorescence intensity to the sol- 
vent polarity. Besides, dyes 41 and 42 possess 
the highest molar absorption coefficients among 
the type I F2DB-merocyanines.

Non-linear optical properties of several type 
I F2DB-merocyanines have also been evaluated. 
The electro-optic coefficient r33, as well as the 
product of the ground state dipole moment and 
the first hyperpolarizability μβ can be adjusted 
in a broad range via the structural modification 
of the phenyl ring of the dioxaborine end-group. 
For instance, the introduction of the NO2 group 
into the para-position of the phenyl ring of the  
dioxaborine core results in a three-fold increase 
of the μβ magnitude (45 → 46; Table 8) [2].  
Lengthening of the π-chain by one vinylene 
group induces a two-fold increase of r33 and μβ 

Table 5. Spectral properties of type I F2DB-merocyanines in CHCl3

NMe2

33

N

R =

O O
B

F F

R

NEt2

34

OMe

35

NMe2

36

NMe2

3837

Compound λa
max [nm] (ε × 10-4 [M-1 cm-1])

33 245 (2.38) 412 (3.12) 428 (2.76)
34 240 (1.35) 484 (5.47) 512 (5.78)
35 224 (4.36) 374 (1.24) 470 (2.10)
36 252 (1.08) – 570 (7.2)
37 – – 610 (6.3)
38 230 (3.0) – 620 (5.55)

 

Table 6. Optical properties of dyes 39 and 40 in various solvents

O O
B

F F

NMe2

O O
B

F F

NMe2
39 40

Compound Solvent λa
max [nm] λf

max [nm] Φf

39 
toluene 519 571 0.8

1,2-dichloroethane 536 635 0.025
DMSO 553 660 0.002

40 
toluene 555 640 0.35

1,2-dichloroethane 578 712 0.071
DMSO 580 770 0.003
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values (46 → 47), thus rendering dye 47 and its 
derivatives promising objects for non-linear op-
tical devices.

In contrast to type I dyes, type II F2DB-mero-
cyanines absorb not only in the visible region, 
but also in the near-infrared (Table 9). While ty- 
pe I dyes have a moderate magnitude of e, the 
molar absorbance of type II dyes is typically 
nearly twice as intense and often exceeds the va- 
lue of 200000 M-1 cm-1 in the band maximum [78].  
Vinylene shifts are also larger for type II poly- 
methines, reaching 100 nm (e.g., 56 → 50). 
These properties along with sharp absorption 
bands imply a high similarity of the ground S0 
and excited S1 states of type II F2DB-merocya-
nines, thus indicating an effective delocaliza-
tion of the π-electrons along the chromophore.  
Interestingly, a decrease of the accepting 
strength of the dioxaborine core by insertion 

of dialkylamino substituents into the aromatic 
ring (48 → 51 → 57) enhances stability of the 
dyes toward the hydrolytic cleavage of the boron 
difluoride group [75].

In addition to type II polymethines designed 
from the BF2-complex of 3-acetylcoumarin, me- 
rocyanines derived from the BF2-complex of 5-ace- 
tylbarbituric acid (58 – 63) are also characterized by  
notable spectral properties [9]. For example, the mo-
lar absorptivity for dye 60 reaches 363000 M-1 cm-1  
in DMSO, while dye 62 intensely fluoresces in 
the NIR region (λf

max = 779 nm and Φf = 0.33 in 
DMSO). Moreover, the fluorescence brightness 
(ε × Φf) of dye 60 amounts to 152000 M−1 cm−1, 
which is one of the highest magnitudes among 
merocyanines. These dyes also possess promi-
nent non-linear optical properties, making them 
suitable candidates for application in two-photon 
excitation microscopy. 

Table 7. Spectral properties of polymethines 41 and 42

O

O
B

O

Et2N O

F F

NEt2 O

O
B

O

Et2N O

F F

O

NEt2
41 42

Compound Solvent λa
max [nm] ε × 10-4 [M-1 cm-1] λf

max [nm] Φf

41 

cyclohexane 542 – 556 0.46
toluene 567 – 597 0.93
ethanol 581 12.0 635 0.044
DMSO 607 – 659 0.035

42 

cyclohexane 602 12.8 622 0.93
toluene 627 – 687 0.81
ethanol 645 12.3 748 0.18
DMSO 678 9.3 778 0.03

 

Table 8. Non-linear optical properties of type I F2DB-merocyanines

O O
B

F F

O2N NMe2

47

O O
B

F F

R1

39, 43-46

R2

R
3

R3

Compound R1 R2 R3 λa
max (CHCl3) [nm] r33 [nm V-1] μβ × 10-48 [esu]

39 H NMe2 H 530 1.98 364
43 OMe NEt2 H 538 1.57 284
44 F NBu2 H 546 2.97 514
45 H –N– –(CH2)3– 570 3.26 512
46 NO2 –N– –(CH2)3– 609 11.4 1400
47 NO2 NMe2 H 614 23.64  3150
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2.4. Spectral properties of anionic  
            dioxaborine-based polymethines 

Spectral properties of anionic F2DB-containing  
polymethines can be significantly altered by minor  
changes in both the structure of the end-groups 
and the length of the π-chain. For example, the 
insertion of –CH2– bridges into the end-groups of 
dye 64 via the ortho-position of the phenyl rings 
and position 5 of the F2DB core induces a signifi-

cant increase of the molar absorptivity (Table 11;  
ε(65)/ε(64) = 1.30) [83]. Compound 65 also in-
tensely fluoresces at λf

max = 621 nm (Φf = 0.50 in 
DCM). However, when –CH2–CH2– bridges are 
introduced, molar attenuation coefficients drop 
(ε(66)/ε(64) = 0.75), though its fluorescence in-
tensity remains comparable to those of 65. 

Stiffening of the end-groups of dye 64 by 
–C(O)–O– bridges leads to a considerable increase 

Table 9. Spectral properties of type II F2DB-merocyanines in CHCl3

O

O
B

O

O

F F

R1

N

X

R2

48, 50 56-

O

O
B

O

O

F F

N

N

N X

R2

49  57,

n

Dye X n R1 R2 λa
max [nm] ε × 10-5 [M-1 cm-1] λf

max [nm] Φf t0.5
[a] [s] k[b] [s-1]

48 C(CH3)2 0 H Me 569 1.49 590 0.03 50 1.40 × 10-2

49 S – – Me 601 – 620 0.49 – –
50 CH=CH 1 NEt2 Bu 721 3.15 729 – – –
51 C(CH3)2 0 NEt2 Me 582 2.31 601 0.74 300 2.33 × 10-3

52 C(CH3)2 1 H Me 665 2.57 677 0.26 – –
53 C(CH3)2 1 NEt2 Me 668 2.33 686 0.52 42 1.64 × 10-2

54 S 0 NEt2 Et 594 – 606 0.40 1050 6.61 × 10-4

55 S 1 NEt2 Et 687 – 702 0.67 – –
56 CH=CH 0 NEt2 Bu 617 2.48 639 0.02 – –
57 C(CH3)2 – – Me 585 – 608 0.55 7330 9.46 × 10-5

Note: [a] half lifetime [75]; [b] hydrolytic rate constant
 

Table 10. Spectral properties of dyes bearing the BF2-complex of 5-acetylbarbituric acid as the end-group

O O
B

F F

OO

N
Cy

N

Cy

N

n

O O
B

F F

OO

N
Cy

N

Cy

N

n

58, 60, 62 59, 61, 63

3 3

Cy = cyclohexyl

Dye n Solvent λa
max [nm] ε × 10-5 [M-1 cm-1] λf

max[nm] Φf ε × Φf × 10-5

58 1
toluene 528 0.94 550 0.3 0.28
DMSO 540 0.77 558 0.37 0.29

59 1
toluene 551 1.24 572 0.68 0.84
DMSO 563 1.10 583 0.18 0.20

60 2
toluene 615 2.03 642 0.35 0.71
DMSO 644 3.63 665 0.42 1.52

61 2
toluene 634 1.68 661 0.65 1.09
DMSO 663 2.41 687 0.26 0.63

62 3
toluene 683 1.09 727 0.21 0.23
DMSO 748 2.31 779 0.33 0.76

63 3
toluene 705 0.89 746 0.18 0.16
DMSO 770 1.83 794 0.18 0.33
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of the  molar  absorptivity   (ε(69)/ε(64) = 1.53;  
Table 12) though its absorption maximum shifts 
hypsochromically by 19 nm in chlorinated sol-
vents [78]. The insertion of a dialkylamino group 
into the para-position of the aromatic ring of the 
F2DB end-group leads to an increase of the fluo-
rescence quantum yield (Φf(70)/Φf(69) = 4.47 in 
CHCl3). Lengthening of the polymethine chain of  
dye 70 by one vinylene group enhances the fluo-
rescence intensity by almost two-fold in MeCN 
(70 → 72). Considering a high molar absorp-
tivity of dye 72 (300000 M-1 cm-1 in MeCN), its 
brightness (ε × Φf) reaches the magnitude of 

228000 M−1 cm−1, which is outstandingly high for  
polymethine dyes, especially those emitting in 
the NIR region (λf

max = 732 nm for 72). Similar 
to dyes 69, 70, and 71 – 73, anionic polymethines 
74 – 76 constructed from the BF2-complex of 5-ace- 
tylbarbituric acid are also characterized by an in- 
tense absorption and a strong fluorescence [80].

Among the documented symmetric anionic di- 
oxaborine-containing polymethines, the most deep- 
colored dyes are compounds 77 (λa

max = 844 nm 
in DCM) [80] and 78 (λa

max = 928 nm in DCM) [5].  
Although these dyes are virtually non-fluores-
cent, their non-linear optical properties are 

Table 11. Optical characteristics of anionic dioxaborine-containing polymethines in DCM

O O
B

F F

O O
B

F F

O O
B

F F

O O
B

F F

n n

O O
B

F F

O O
B

F F

n
m

[Et3NH]

64
65: n = 1

66: n = 2

67: n = 1, m = 0

68: n = 2, m = 1

[Et3NH] [Et3NH]

Compound λa
max [nm] ε × 10-5 [M-1 cm-1] λf

max [nm] Δvs [cm-1] Φf 
64 600 1.38 – – –
65 613 1.80 621 210 0.50
66 625 1.04 636 277 0.30
67 638 1.52 648 249 0.21
68 622 1.32 644 549 0.10

 

Table 12. Optical properties of symmetric anionic polymethines

O O
B

F F

O O
B

F F
[Alk3NH]

69, 70, 71-73

O OO OR R

n

O O
B

N

F F

O O
B

N

F F

74-76

N NO O

n

O O

[Alk3NH]

Compound n R Alk Solvent λa
max [nm] ε × 10-5 [M-1 cm-1] λf

max [nm] Δvs [cm-1] Φf

69 1
H Et CHCl3 581 2.11 588 205 0.19

MeCN 572 2.15 581 271 0.04

70 1
NEt2 nBu CHCl3 625 2.36 635 252 0.85

MeCN 615 2.52 639 611 0.4

71 2
H Et CHCl3 678 2.13 687 193

MeCN 671 2.29 678 154 0.16

72 2
NEt2 Et CHCl3 715 3.03 730 287

MeCN 712 3.00 732 384 0.76

73 3
NEt2 Et CHCl3 817 – – – –

MeCN 810 2.86 – – –

74 1
– Et CH2Cl2 530 1.69 546 553 0.31

MeCN 525 2.10 – – –

75 2
– Et CH2Cl2 630 2.03 651 512 0.82

MeCN 625 2.22 – – –

76 3
– Et CH2Cl2 735 1.77 760 448 0.43

MeCN 725 1.61 – – –
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more appealing [3, 6, 7]. For instance, the two-
photon cross-section of compound 78 amounts to 
17000 GM at 1100 nm in MeCN. 

The vinylene shift of anionic polymethines is  
approximately 100 nm, which is similar to that 
of symmetric cationic dyes. The nature of a sol-
vent (polar/non-polar, protic/aprotic) has a little 
effect on the positions of both absorption and emis-
sion maxima, while a small blueshift is observed 
when going from acetonitrile to DCM (or CHCl3) 
[74, 78, 80]. Anionic F2DB-containing polymethi- 
nes are more resistant to the hydrolytic cleavage  
of the BF2 group compared to F2DB-containing 
merocyanines. Similar to merocyanines, the sta-
bility upon hydrolysis also increases when elec-
tron-donating functional groups are introduced 
into the aromatic ring of the F2DB core [75].

Spectral properties of anionic polymethines 
can be significantly altered by the insertion of 
either electron-donating or electron-withdraw-
ing substituents into the π-chain (Figure 6) [82]. 
For example, the replacement of H-atom at the 
meso-position of the pentamethine-bridged anio- 
nic dye by the NO2 group (79 → 80) leads to a 
blueshift of the absorption maximum and a sig-
nificant decrease of the absorption intensity  
(ε(80)/ε(79) = 0.56 in DMSO). These spectral chan- 
ges agree with the Dewar-Knott color rules, accor- 
ding to which the electron-withdrawing substi- 
tuents at odd-numbered positions of the π-chain 

induce a hypsochromic shift of the absorption ma- 
ximum [89, 90].

The detailed investigation of the electronic 
structure of the anionic F2DB-containing poly-
methines is reported elsewhere [80, 83, 91, 92].  
In general, anionic dioxaborine-containing poly-
methines can be regarded as oxonol dyes, in which  
the negative charge is delocalized from the ter-
minal O-atom of one end-group along the π-chain 
to the terminal O-atom of another end-group.  
A virtual build-up of the dioxaborine complex atop  
the heptamethine oxonol (82 → 83) results in a  
stabilization of HOMO (ΔE = 1.83 eV) and LUMO  
(ΔE = 0.85 eV) of the π-conjugated system [80, 93].  
The long-wavelength absorption maximum of anio- 
nic polymethines is attributed to the S0 → S1 elec- 
tronic transition, while a less-intense higher ener- 
gy shoulder (Δν = 1200 – 1400 cm-1) is attributed 
to the 0 → 1′ vibronic transition [92]. The BF2-
fragment is not involved in low-energy electronic  
transitions though it stabilizes significantly the 
anionic π-system. 

3. Dyes with the dioxaborine ring  
         in the polymethine chain 

Dioxaborine can be regarded as integrated 
into the π-chain when the polymethine linkage 
is connected to positions 4 and 6 of the F2DB core.  
When in such a framework the end-groups are 
electron donors, the overall electronic structure of  
the π-conjugated system attains a quadrupolar  
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Figure 5. The long-chained symmetric anionic polymethines
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character (the D–π–A–π–D type) [94]. In contrast  
to mesoionic cyanines built on the squarate or cro- 
conate core [95, 96], which also have a quadrupo- 
lar structure, the F2DB-containing polymethines  
of the D–π–A–π–D type are characterized by the  
predominance of the neutral resonance form (with- 
out a charge separation) in the ground state.

The research on the F2DB-containing quad-
rupolar merocyanines laid essentially dormant 
until 2009 when compounds 84 and 85 were dis-
covered to have a strong fluorescent response 
upon binding to amyloid-β (Aβ) deposits [97] – a 
hallmark of Alzheimer’s disease [98]. From this 
time on, both the diversity of the F2DB-contain-
ing quadrupolar merocyanines and the range of 
their applications have been constantly growing. 

3.1. Synthesis of BF2-curcuminoids 
Two general methods have been developed for  

the synthesis of dyes with the dioxaborine ring 
in the polymethine chain. The first one is the 
condensation of BF2-acetylacetone with aromat-
ic or cinnamic aldehydes [99] in the presence of 
either (i) base only (such as triethylamine [97], 
tetrahydroisoquinoline [68], or piperidine [100]) 
or (ii) base (often n-butylamine) with trialkyl 
borate as an additive [8, 101]. Trialkyl borate is 
shown to significantly increase the product yield 
though its mechanism of action has not been 
conclusively understood so far. 

The intermediate half-product can be isolat-
ed and put into the reaction with another aldehy- 
de, thus yielding an asymmetric dye (Scheme 8)  
[68, 94, 99, 101].

The second method is a two-stage sequence 
with the initial construction of the β-diketonate-
containing polymethine (curcumin-like scaffold 
or curcuminoid) followed by its treatment with 
BF3 (Scheme 9) [102 – 105]. Acetylacetone (or its  
5-alkyl- or 5-arylsubstituted derivative) reacts with  
boric anhydride producing the tetracoordinated 
boronic intermediate, which is further subjected 
into the reaction with aromatic aldehydes in the 
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Figure 7. Structures of compounds 82 and 83
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Figure 8. Structures of BF2-curcumin and its analog 85 
 

Me

O OH

Me Me

O O

Me

B

F F

base, (B(OAlk)3)

O O
B

F F

BF3·Et2O

O
n

n = 0, 1

R

m mR R

R = H or EDG, m = 1, 2

Scheme 7. The synthesis of symmetric BF2-curcuminoids
 

Me

O O

Me

B

F F

nBuNH2,B(O Bu)n 3

O
n

n = 0, 1
O O

B

F F

m kR1 R2

R1, R2 = H or EDG

m, k = 1, 2

R1

O O

Me

B

F F

mR1 nBuNH2,B(O Bu)n 3

O
n

n = 0, 1

R2

Scheme 8. The synthesis of asymmetric BF2-curcuminoids



ISSN 2308-8303 (Print) / 2518-1548 (Online) 42

Журнал органічної та фармацевтичної хімії 2022, 20 (4)

presence of n-butylamine and trialkyl borate. 
The product of this reaction is a tetracoordinated 
bis-curcuminoid, the acid-promoted decomposi-
tion of which results in a release of the curcumi-
noid scaffold. Then its treatment with BF3·Et2O 
fastens the β-diketonate backbone with the BF2 
group, forming the dioxaborine core. 

3.2. Spectral characteristics 
Basic spectral properties of the BF2-curcumi-

noids are similar to those of dipolar F2DB-mero-
cyanines of type I: they absorb mostly in the vi- 
sible range with the molar attenuation coeffici- 
ents rarely exceeding 100000 M-1 cm-1.

BF2-chelated curcumin absorbs bathochromi- 
cally by 82 nm (in DCM) and more intensely than  
the parent compound (Figure 9) [106]. The fluo- 
rescence quantum yield is also larger for the BF2- 
derivative though the reported data on the Φf ran- 
ge of BF2-curcumin is not conclusive. For exam-
ple, paper [106] provides the Φf value of 0.34 in 
DCM, while earlier data from [107] give twice as 
large figure.

Similar to dipolar type I merocyanines, the po- 
sition of λa

max is more sensitive to the structural  
modification of the end-groups than to the chan- 
ge of the π-chain length. For example, vinylene 
shifts of quadrupolar BF2-merocyanines amount 

to approximately 50 nm depending on the end-
groups (52 nm for 87 → 92; 34 nm for 91 → 93;  
Table 13) [100], while the replacement of H-atom  
by a dimethylamino group in the para-position 
of phenyl rings shifts the absorption maximum 
bathochromically by 150 nm (87 → 85). Note that  
the fluorescence intensity of 85 is nearly twice 
as large as that of 87. The introduction of an 
electron-withdrawing cyano group at position 4 
of phenyl rings shifts the long-wavelength λa

max 
hypsochromically by 26 nm with a little change 
of the fluorescence intensity [105].

BF2-curcuminoids are positively solvatochro-
mic, though the absorption maximum shift with 
an increase of the solvent polarity is not as large 
as for type I F2DB-merocyanines [102]. However,  
in contrast to both dipolar and anionic dioxabo- 
rine-containing polymethines, quadrupolar BF2-
merocyanines are characterized by much more 
noticeable redshift of the emission maximum with 
the solvent polarity increase (Table 14). Moreover,  
the fluorochromic effect is larger for dyes bear-
ing stronger electron-donating end-groups (com-
pare Δvs values of 91 and 94, Table 14).

The detailed investigation of the impact of both 
the electron donor strength of the end-groups and 
the nature of the solvent on spectral properties  
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Scheme 9. An alternative route to symmetric BF2-curcuminoids
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of BF2-curcuminoids is reported elsewhere [94,  
102, 108 – 111]. Generally, positive fluorochromism  
can be explained by higher energy requirement 
for the polar solvent to rearrange the solvate shell  
around the quadrupolar molecule during the re-
laxation from the Frank-Condon excited state S1

FC  
to the relaxed state S1 [102]. Since the excited sta- 
te S1 is more polar than the ground state S0 and is 
characterized by the intramolecular charge trans- 
fer, enhancement of the electron donor power of 
the end-groups has an additional effect on the 
energy profile of relaxation S1

FC → S1, which re-
sulted in higher magnitudes of the Stokes shift 
[94, 102, 109].

3.3. Applications 
The range of applications of BF2-curcuminoids  

is varied broadly and predominantly relates to  
biochemical research. For example, besides dyes 
84 and 85, several other similar probes were 
developed for targeting amyloid-β aggregates. 

These include dye 95, which was specifically de-
signed to target soluble forms of Aβ [68], allow-
ing detection of the early stages of the disease, 
when symptoms had not yet become apparent.  
Bifunctional probe 96 is proved effective for both 
targeting the Aβ deposits and inhibition of the 
metal-catalyzed cross-coupling of Aβ [112].  
The latter ability greatly diminishes the speed of  
formation of insoluble forms of Aβ plaques, thus 
slowing down the disease progression. Probe 97 
capable of detecting both soluble and insoluble 
Aβ species by applying the near-infrared fluores- 
cence (NIRF) molecular imaging [113]. It was the  
first time when the NIRF technique was demon-
strated to be effectively used for the therapy of 
Alzheimer’s disease.

The mechanism of action of compounds 95 – 97  
is based on non-covalent interaction between the 
probe and a biomolecule. The BF2-curcuminoid 
scaffold is also suitable for designing probes for 

Table 13. Spectral properties of BF2-curcuminoids 86 – 93 in DCM

O O
B

F F

n n

R R

Dye n R λa
max [nm] ε × 10-5 [M-1 cm-1] λf

max [nm] Φf Δvs [cm-1]
86 1 CN 421 0.59 – 0.19 –
87 1 H 447 0.45 484 0.24 1710
88 1 Me 464 0.56 – 0.15 –
89 1 Br 433 0.41 – 0.08 –
90 1 SMe 503 0.86 – 0.55 –
91 1 OMe 489 0.76 546 0.49 2130
85 1 NMe2 597 0.45 681 0.47 2070
92 2 H 499 0.81 556 0.27 2050
93 2 OMe 523 0.83 625 0.24 3120

 

Table 14. Spectral properties of dyes 91 and 94 in solvents of different polarity

O O
B

F F

91
MeO OMe

O O
B

F F

94
MeO OMe

91 94
Solvent λa

max [nm] λf
max [nm] Φf Δvs [cm-1] λa

max [nm] λf
max [nm] Φf Δvs [cm-1]

CCl4 477 492 0.20 640 523 561 0.23 1300
Et2O 475 497 0.24 930 516 587 0.29 2340

AcOEt 480 515 0.35 1420 524 590 0.31 2140
DCM 488 538 0.44 1910 536 616 0.39 2420

acetone 483 534 0.45 1980 532 622 0.21 2720
MeCN 483 549 0.51 2490 530 651 0.12 3510
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specific covalent targeting where functionali- 
zed electron donor end-groups serve as active 
sites. The illustrative example is compound 98, 
which was developed for detecting mitochon-
drial cysteine (Cys) [114]. The acrylic ester ac-
tive site of probe 98 cleaves upon the presence 
of cysteine, thus ratiometrically detecting the 
biothiol.

Besides cysteine, homocysteine (Hcy) and glu- 
tathione (GSH) can be targeted using fluorogenic  
probe 100 [115]. Upon the interaction with bio-
thiols the 2.4-(dinitrobenzene)sulfonate active 
groups are cleaved releasing BF2-curcumin.  
The process is accompanied by an increase of 
the fluorescence intensity at 610 nm.

For targeting of γ-glutamyl transpeptidase 
(GGT) – a biomarker, the accumulation of which 
is connected with progression of several types of 
cancer – the fluorogenic probe 101 was designed 
[116]. The cleavage of the glutamyl substituent 
of compound 101 in the presence of GGT is ac-
companied by a strong fluorescence response in 
the far-visible region.

In addition to biomedical research, BF2-cur- 
cuminoids were also examined for applications in  
photovoltaics. For example, compounds 103 – 105 
were utilized as donor materials in solution-
processed bulk-heterojunction organic solar cells  
(BHJ OSCs) by blending with acceptor [6,6]-phenyl- 
C61-butyric acid methyl ester [117]. The result-
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ing photoelements displayed the power conversion 
efficiency up to 4.14 %, thus showing potential of 
quadrupolar BF2-merocyanines for fabrication of 
BHJ OSCs.

The very BF2-curcumin was shown to be 
highly sensitive to the presence of a cyanide 
ion [107, 118]. The interaction of CN- with BF2-
curcumin leads to a considerable redshift of the 
absorption maximum (from 507 nm to 649 nm) 
with concomitant quenching of the fluorescence 
emission. These spectral effects are caused by de- 
protonation of hydroxy substituents of the end-
groups yielding the dianion (in non-aqueous me- 
dia), which have no detectable emission due to  
the photoinduced charge transfer from the nega- 
tively charged end-groups to the dioxaborine core.  

Besides cyanide, bisulfite ion can be also detect-
ed by BF2-curcumin [119] though in this case the  
sensory mechanism is different. HSO3

- acts as a 
Michael donor attacking the double bonds of the 
π-chain and forming adduct 106 (Scheme 13). 
As a result, the π-conjugated system of the dye 
becomes fragmented and the peak at 620 nm 
disappears.

4. Meso-cyano-substituted dioxaborine –  
         a new building block for the  
         brightest polymethines 

Despite a broad range of applications, quadru-
polar dioxaborine-containing merocyanines were  
only represented by BF2-curcuminoids not so long  
ago. While there is a vast diversity of dipolar  
F2DB-merocynines with weak (type I) and strong  
(type II) electron-donor end-groups until recently 
there was only one quadrupolar F2DB-merocy- 
anine constituting strong electron-donor end-
groups [120]. With the advent of the BF2-com-
plex of meso-cyano acetylacetone the diversity 
of such compounds has become greatly enriched 
(Figure 12). Moreover, the exploration of chemi-
cal properties of 107 yielded new types of poly- 
methine dyes, such as mero-anionic and polyanio- 
nic polymethines possessing outstanding spectral 
properties.
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4.1. Quadrupolar merocyanines  
            and mero-anionic dyes 

The key feature of the cyano-substituted 
BF2-acetylacetone is higher acidity of its methyl  
groups compared to the parent compound 2, thus  
making substrate 107 more active towards elect- 
rophiles. Thus, while the reaction of BF2-acetyl- 
acteone with cationic hemicyanines often results  
in mono-condensation, since the activity of the se- 
cond methyl group gets too low for the reaction  
to proceed further, bis-condensation products  

are easily obtained by the reaction of 107 with  
hemicyanines even at room temperature (Sche- 
me 14) [121].

A high activity of the methyl group of the half- 
product (i. e., the product of the mono-condensa-
tion of 107 with hemicyanines) allows carrying 
out chemical transformations with other electro- 
philes. For example, the reaction of such half-pro- 
ducts with ethoxymethylene or 2-anilinovinyl de- 
rivatives of CH-acids in the presence of a base, such 
as triethylamine or diisopropylethylamine, and  
acetic anhydride results in the formation of poly- 
methines of the unusual D–π–A–π–A′ type (Sche- 
me 15). Since these compounds comprise the dipo- 
lar merocyanine (D–π–A) and non-symmetric anio- 
nic (A–π–A′) parts in their scaffold, the dubbing 
“mero-anionic” dyes was introduced for distinguish-
ing them from other types of polymethines [122].

The tendencies in alterations of spectral pro- 
perties upon the transition from BF2-curcuminoids  
to quadrupolar merocyanines with heterocyclic 
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Figure 12. The BF2-complex of meso-cyano acetylacetone
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end-groups is similar to those of the transition 
from type I to type II dipolar F2DB-merocyani- 
nes (see Sect 3.3.). For example, the quadrupo- 
lar merocyanines absorb and emit mostly in the 
NIR spectral range (Table 15) [121]. While molar 
absorptivities of BF2-curcuminoids are usually 
below 100000 M-1 cm-1, the D–π–A–π–D type  
F2DB-containing polymethines have the attenu-
ation coefficients of 250000 M-1 cm-1 and above. 
Their fluorescence quantum yields also tend to 
be higher, reaching, for example, 0.72 and 0.68 
in DCM for polymethines with indolenine and 
benzothiazole end-groups (108 and 109), respec-
tively. Vinylene shifts are also higher than in 
BF2-curcuminoids, equaling 73 nm for 108 → 110  
and 68 nm for 110 → 111.

Mero-anionic dyes are also characterized by 
an intense absorption and a strong fluorescence 
in far-visible and NIR regions (Table 16) [122].  
The distinctive feature of mero-anionic dyes is a 
broad range of modulation of optical properties by  
tuning the structure of the accepting end-group.  
For example, dyes with the malononitrile end-group  
(112 and 116) are characterized by relatively low mo- 
lar attenuation coefficients, while the molar absorp- 
tivity of dyes 115 and 119 bearing the coumarino-
dioxaborine end-group reaches 300000 M-1 cm-1.  
The vinylene shift is in a range of 60 – 80 nm de-
pending on the structure of the end-groups.

4.2. Polyanionic polymethines 
Synthetic possibilities of meso-cyano-substi- 

tuted dioxaborine 107 go beyond synthesis of  

Table 15. Spectral properties of quadrupolar cyanodioxaborine-containing polymethines in DCM

CN

O
B

O

F F

X

N N

X

R R
n m

Dye X R n m λa
max [nm] ε × 10-4 [M-1 cm-1] λf

max [nm] Φf

108 C(CH3)2 CH3 1 1 667 2.75 702 0.72
109 S C10H21 1 1 702 2.89 730 0.68
110 C(CH3)2 CH3 1 2 740 2.42 792 0.45
111 C(CH3)2 CH3 2 2 808 2.59 880 0.07

 

Table 16. UV-Vis spectral characteristics of mero-anionic dyes
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EtO O
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FF
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N

R

EWG

EWG
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OO NEt2
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FF

n

112   11, 6 115, 119114, 11811 113, 7

Dye R n Y+ Solvent λa [nm] ε × 10−5 [M−1 cm−1] λf [nm] Фf ε × Фf × 10−5 [M−1 cm−1]

112 CH3 1 [Et4N]+ DCM 598 0.86 629 0.20 0.17
DMF 605 1.59 634 0.61 0.97

113 CH3 1 [Et3NH]+ DCM 621 2.18 652 0.84 1.83
DMF 623 2.09 651 0.64 1.34

114 CH3 1 [Et3NH]+ DCM 634 2.33 664 0.83 1.92
DMF 638 2.52 663 0.80 2.02

115 CH3 1 [Et3NH]+ DCM 706 2.86 729 0.50 1.42
DMF 706 3.37 733 0.52 1.30

116 nPr 2 [Et3NH]+ DCM 670 1.19 724 0.19 0.22
DMF 675 1.20 729 0.37 0.44

117 nBu 2 [iPr2EtNH]+ DCM 697 1.59 743 0.32 0.51
DMF 694 1.47 743 0.32 0.46

118 nBu 2 [iPr2EtNH]+ DCM 710 1.79 757 0.41 0.74
DMF 716 2.08 759 0.49 1.02

119 nPr 2 [Et3NH]+ DCM 776 2.61 813 0.20 0.53
DMF 777 3.03 823 0.060 0.18
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Table 17. Spectral properties of polyanionic dyes in DMF
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Dye End-group Y+ λa
max [nm] ε × 10−5 [M−1 cm−1] λf

max [nm] Фf ε × Фf × 10−5 [M−1 cm−1]
Dianionic polymethines

124 malononitrile [Et4N]+ 538 2.38 553 0.90 2.14
125 1,3-dimethylbarbituric acid [Et3NH]+ 570 2.53 586 0.92 2.33
126 1,3-diethylthiobarbituric acid [Et3NH]+ 597 2.93 614 0.87 2.55
127 1,3-indandione [iPr2EtNH]+ 624 3.26 640 0.61 1.99

Trianionic polymethines
128 malononitrile [nBu4N]+ 687 4.29 705 0.73 3.13
129 1,3-dimethylbarbituric acid [nBu4N]+ 705 4.21 725 0.64 2.69
130 1,3-diethylthiobarbituric acid [nBu4N]+ 722 4.32 741 0.49 2.12
131 1,3-indandione [nBu4N]+ 751 4.95 770 0.50 2.48

 
quadrupolar merocyanines and mero-anionic dyes.  
Recently, the first representatives of dianionic 
[123] and trianionic [124] polymethines were syn- 
thesized (Scheme 16). For the synthesis of dianio- 
nic polymethines, the intermediate bis-hemicy-
anine 121 was obtained, while bis-hemicyanine 
123, a precursor to trianionic dyes, was obtained 
in several steps from compound 120. Subjecting 
compounds 121 and 123 into reactions with CH-

acids (malononitrile, 1,3-indandione, barbituric 
and thiobarbituric acids) yields the correspond-
ing dianionic and trianionic polymethines.

Dianionic and trianionic dioxaborine-contain- 
ing polymethines are strongly emissive, with the 
fluorescence quantum yield reaching 0.90 for di- 
anionic and 0.73 for trianionic dyes in DMF (Ta-
ble 17). While dianionic dyes fluoresce in the far- 
visible region, trianionic dyes emit in the NIR  
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region, thus becoming the brightest reported NIR- 
emitters among the polymethine dyes. Moreover,  
trianionic dyes are characterized by a remarkably  
high molar attenuation coefficients, reaching, for  
example, 495000 M-1 cm-1 for dye 131 in DMF. 
The fluorescence brightness of polyanionic di-
oxaborine dyes is also unmatched among poly-
methines, reaching or exceeding the value of 
250000 M-1 cm-1 in DMF.

■ Conclusions

Modern organic chemistry is driven by a rising 
demand for high-performance materials for ap-
plications in both existing and emerging techno- 
logies. Dioxaborine-containing π-conjugated sys- 
tems are a good example of versatile functional 
compounds that combine high synthetic poten-
tial and flexibility in molecular modelling. As was  
outlined in the present Perspective, these featu- 
res allow creating highly effective solutions based  
on the F2DB-containing dyes for various kinds of  

photoenergy-transformation domains, ranging 
from biomedical research to non-linear optics.  
With scores of new publications each year, the con- 
tribution of dioxaborine-containing compounds to  
the development of a new generation of materi- 
als possessing specific physicochemical properties  
has been constantly growing. An illustrative ex-
ample is the recently reported synthesis of high-
ly fluorescent polyanionic dyes, which exposed 
vast potential of the F2DB core for obtaining 
bright NIR fluorophores. Further research may 
revolve around the synthesis of water-soluble di-
oxaborine-containing polymethines, which ma- 
kes them highly attractive probes for medicinal 
application. Overcoming the intrinsic instabili-
ty in relation to acidic and basic solvolysis is an-
other promising path for further investigations. 
We believe that this review will serve as a useful 
guide in navigating a vast body of research dedi-
cated to diverse types of dioxaborine-containing 
polymethines, kindling thus an additional inter-
est for future studies.
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Corn: Sowing Parameters

Abstract
Aim. To highlight the results of the research conducted in 2020 – 2021 aiming at studying the effect of multi-depth and 
multifraction sowing of the hybrid corn seeds of the DMS Sticker mid-early maturity group on the yield when grown in the 
conditions of the Northern Steppe of Ukraine and determine the economic efficiency of the approaches.
Materials and methods. Winter wheat was a predecessor crop in the study. Tillage methods and related conditions are de-
scribed in the article. Herbicides were used to protect against weeds. Sowing was carried out in the third decade of April at 
a soil temperature of +8 – 10 ºС. The experiment considered 2 factors, namely the depth of sowing seeds and the size of the 
seed fraction. The results obtained were processed using measurement, mathematical and statistical methods of research, 
as well as calculation and comparison approaches.
Results and discussion. On average, depending on the factors studied, the height of the plants varied significantly, as a rule, 
the tallest plants were obtained from large seeds, which had the highest mass of 1000 seeds. Thus, in particular, on average 
over two years of research, the height of the plants was 250.4 cm when the weight of 1000 seeds was 255 g, and the seeds 
were wrapped by 4 – 5 cm; when the weight of 1000 seeds was 300 g, the height was 251.1 cm, while with the weight of 350 
g it was 258.3 cm; with the wrapping depth of 7 – 8 cm the height was 252.1 cm, 255.8 and 268.5 cm, and with the wrapping 
depth of 10 – 11 cm it was 257.6 cm, 261.8 and 266.1 cm.
Conclusions. The use of the large seed fraction provided an increase in the yield of the DMS Sticker corn hybrid by 1.09 – 1.79 t ha-1 
compared to the use of the small seed fraction and was 8.70 t ha-1. When using the large seed fraction and the wrapping 
depth of 10 – 11 cm, the cost of production was 56,550 UAH ha-1. The cost price of 1 ton of production was the lowest and 
amounted to UAH 2,247.1, the conditional net profit was the highest – 37,000 UAH ha-1, and the level of profitability was 
189.3 %.
Keywords: corn; hybrid; seeds; weight of 1000 seeds; depth of wrapping; height of plants; productivity; conditional net 
profit; cost price; level of profitability
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Кукурудза: параметри сівби
Анотація
Мета. Висвітлити результати наукових досліджень 2020 – 2021 рр., метою яких було виявити вплив на врожайність 
різноглибинної та різнофракційної сівби насіння гібриду кукурудзи середньоранньої групи стиглості DMS Sticker за 
вирощування в умовах Північного Степу України та визначити економічну ефективність застосування такої сівби.
Матеріали та методи. Культурою-попередником у дослідженні була озима пшениця. Способи обробляння ґрунту та 
супутні умови описано в статті. Для захисту від бур’янів використовували гербіциди. Посів здійснювали в третій декаді 
квітня за температури ґрунту +8 – 10 ºС. Експеримент враховував 2 фактори, а саме: глибину посіву насіння та розмір 
фракції насіння. Отримані результати обробляли, використовуючи вимірювальні, математичні і статистичні методи 
дослідження, а також розрахунковий та порівняльний підходи.
Результати та їх обговорення. Залежно від досліджуваних факторів висота рослин істотно змінювалася: як правило, 
найвищі рослини були отримані з крупного насіння, що мало найбільшу масу 1000 насінин. Так, зокрема, за маси 
1000 насінин 255 г у разі загортання насіння на 4 – 5 см пересічно за два роки досліджень висота рослин становила 
250,4 см, за маси 1000 насінин 300 г – 251,1 см, а у випадку маси 1000 насінин 350 г – 258,3 см; за глибини загортання 
7 – 8 см – 252,1 см, 255,8 і 268,5 см, а за глибини загортання 10 – 11 см – 257,6 см, 261,8 і 266,1 см.
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Висновки. Використання великої фракції насіння проти використання дрібної фракції забезпечило збільшення врожай-
ності гібрида кукурудзи DMS Sticker на 1,09 – 1,79 т га-1 і становило 8,70 т га-1. За використання великої фракції насіння 
та глибини загортання 10 – 11 см собівартість продукції становила 56 550 грн га-1. Собівартість 1 т продукції була най-
нижчою і становила 2 247,1 грн, умовно чистий прибуток був найвищим – 37 000 грн га-1, а рівень рентабельності – 
189,3 %.
Ключові слова: кукурудза; гібрид; насіння; маса 1000 насінин; глибина загортання; висота рослин; урожайність; умовно 
чистий прибуток; собівартість; рівень рентабельності
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■ Introduction

Corn is one of the most valuable agricultural  
crops. If all agrotechnical requirements are met, 
it can form a high yield. For the cultivation of 
corn, especially with intensive technologies, mor- 
phological characteristics of plants, which deter- 
mine suitability for mechanized cultivation and 
harvesting, are important [1, 2].

In recent years, corn occupies an increasingly 
stable position in the world grain market. In this 
field, the natural and economic conditions of 
Ukraine allow not only to meet domestic needs, 
but also to significantly increase its export po-
tential. However, in reality, on the way to creat-
ing a stable and favorable environment, including  
market infrastructure, in the production practice 
of growing corn, there are still numerous obsta-
cles of an agrotechnological nature [1, 3].

A feature of the current technology for grow-
ing high-yielding corn hybrids is the optimiza- 
tion of the fractional composition of the seed ma- 
terial and the determination of the optimal depth 
of its wrapping. A high-quality seed material is 
the key to a large harvest. It has been deter-
mined [4, 5] that due to high-quality seeds, the 
increase in the corn grain yield can be 20 – 80 %. 
At the same time, the use of the large fraction of 
corn seeds provides a significant increase in the 
grain yield [6 – 9].

The depth of seed wrapping is also important 
since very shallow and deep seed wrapping nega-
tively affect field germination, completeness and  
uniformity of seedlings, and the intensity of growth  
of corn plants in the initial growing season.  
To obtain friendly and full-fledged seedlings, seeds  
are sown to such a depth that it is provided with  

a sufficient amount of moisture, air and heat [10].  
It is important to correctly choose the parame- 
ters of the optimal seeding depth depending on 
the seed fraction, biological properties of the hy-
brid, moisture availability of the seeding hori-
zon, mechanical composition of the soil, energy 
of the starting growth of the hybrid, in order to  
obtain friendly and leveled seedlings with a high  
field seed germination [12, 13]. In addition, the 
deeper the seed is sown, the more the seedlings 
come into contact with pathogenic microorganisms  
and pests on their way, so they are more affected 
by them, especially on soils with a heavy mechani-
cal composition [10, 11].

Both very shallow and deep wrapping of seeds  
negatively affects field germination, completeness  
and uniformity of seedlings, the growth intensity of  
corn plants in the initial growing season. The great  
depth of seed wrapping contributes to the fact that  
young seedlings have to spend excessive amounts  
of plastic substances to overcome the seed layer  
of the soil, as a result of which they are depleted.  
In addition, the deeper the seed is sown, the more 
the seedlings encounter pathogenic microorgan-
isms on their way; therefore, they are more af-
fected by them, especially on soils with a heavy 
mechanical composition. When the depth of seed 
wrapping, which has micro- and microtraumas, 
increases, its germination decreases by 20 – 21 % 
[11], the temperature conditions for seed germi-
nation deteriorate, and therefore, the seedlings 
may be unfriendly and thinned [12]. At the mo-
ment, there is a ridge technology for growing corn,  
which makes it possible to increase producti- 
vity by 15 – 20 % due to early sowing in the ridge. 
However, this technology did not spread in 
Ukraine due to insufficient moisture in the upper  



ISSN 2308-8303 (Print) / 2518-1548 (Online) 56

Журнал органічної та фармацевтичної хімії 2022, 20 (4)

soil layer during the entire growing season and 
its high energy consumption. The depth of corn 
seed wrapping also depends on the timing of sow-
ing. Thus, in particular, when sowing seeds in  
early periods, for the purpose of better heat sup-
ply, the depth of wrapping is reduced to 3 – 4 cm 
[10 – 12]. In order to protect seeds from mold du- 
ring early sowing, they should be wrapped shal-
lower (4 – 6 cm), and later – by 6 – 8 cm [12]. Sowing  
corn seeds to a depth of more than 7 cm leads 
to a decrease in field germination by 5.5 %, and 
grain yield by 3.7 – 12.8 %. The greater the mass 
of 1,000 grains, the deeper the seed penetration 
into the soil, especially four-line hybrids [12].

With the optimal depth of sowing, the mold 
of seeds and seedlings of corn is reduced. An in-
crease in the depth of seed wrapping increases 
the risk of damage to seedlings by soil patho-
gens – the causative agents of mold and root rot, 
as well as powdery mildew diseases and damage 
by wireworms. Full friendly seedlings can be ob-
tained by sowing seeds at such a depth where they  
will receive a sufficient amount of moisture, air 
and heat. When the top layer of the soil dries, the  
seeds are wrapped deeper so that they lie in the 
moist soil. With the close occurrence of ground-
water, the depth of seed wrapping is reduced to 
5 – 6 cm, and on light soils prone to rapid drying, 
it can be increased to 10 – 12 cm [11, 12].

There are data that the best development of 
corn plants is ensured by a seed wrapping depth 
of 5 cm. Sowing 1 cm deeper or shallower can re-
duce the yield by 10 – 20 %. In areas with insuffi-
cient moisture, after sowing corn, rolling is rec-
ommended; it improves the conditions for seed 
germination, reduces its moldiness and damage 
by stem and root rots.

Large seeds give aligned and friendly seed-
lings since the primary (embryonic) roots and the 
first leaf are formed, practically, only due to the 
nutrients of the grain. The strength of the germi-
nal roots and the area of the first leaf in a straight 
line depend on the size of the grain [2, 5, 12].

The variety of the seed material is associated 
with the location of the grain in the cob (matric-
ular). The grain on the cobs is formed unevenly, 
everything starts from the middle of the cob, 
the size of the grains goes from bottom to top.  
The highest quality seeds are formed in the mid-
dle of the cob, i.e., the size of the seeds goes down- 
ward from bottom to top. Grains in the middle 
part of the corn cob contain more enzymes; these 
seeds start the germination process faster, espe-
cially since the swelling of corn seeds before the 

germination process requires less water than 
40 % of the weight of the grain [5, 8, 12].

Fractions of different sizes may receive dif-
ferent degrees of damage during harvesting, de- 
pending on the harvesting technology and post-
harvest processing. In some cases, large fractions 
can be damaged to a significant extent, in other 
cases, small ones can be affected due to which 
their quality varies in different ways. Mechani-
cal damage and thermal cracking of seeds can 
reach 75 – 85 % [11, 12].

Coarse and medium fractions of seeds have 
similar sowing and yield properties, while fine 
fractions lead to a significant decrease in quality.  
At the same time, it should be noted that such re-
sults are possible when separating seeds accor- 
ding to the “grain width” feature [8]. The highest 
yield of corn grain is obtained for sowing large 
and medium fractions, for silage – medium ones, 
for green fodder – small fractions. These recom-
mendations are given for old 3 – 4-line hybrids [12].

Usually, in production conditions, the mini-
mum seed weight limit for sowing is rarely lower 
than 200 grams, and in the case of using seeds 
of a smaller weight, there is always a dispute 
about its suitability for forming productive sow-
ing. Seeds of larger fractions are used on more 
structured soils and lighter in mechanical com-
position, with poorer moisture-holding capacity 
and in areas with less moisture availability (the 
possibility of deeper wrapping and greater need 
for moisture for germination). When using seeds 
of siliceous and tooth-shaped forms, it is worth 
starting sowing with siliceous ones since they need 
more moisture for swelling and germination. 

Summarizing data from literary sources, it  
should be noted that the insufficient study of 
the size of the seed fraction and the depth of its 
wrapping requires further research, which is ne- 
cessary and relevant.

Corn has enormous potential for record grain 
yields. But this becomes a reality only if the grain 
cultivation technology is followed, which corre-
sponds to the biological characteristics of the corn 
plant. Knowing these requirements, it is possi-
ble to reduce or completely remove the negative 
impact of one or another factor [12].

Our aim was to study the effect of the frac-
tion size and the depth of seed wrapping on the 
productivity of the DMS Sticker mid-early maize 
hybrid (FAO 250) during 2020 – 2021 on ordinary 
chernozem in the conditions of the northern part 
of the Pervomaysky district of the Mykolaiv re-
gion [13].



ISSN 2308-8303 (Print) / 2518-1548 (Online) 57

Journal of Organic and Pharmaceutical Chemistry 2022, 20 (4)

■ Materials and methods

The predecessor crop in the experiment was 
winter wheat. After harvesting the predeces-
sor, the field was disked to a depth of 14 – 16 cm. 
Plowing was carried out to a depth of 22 – 25 cm. 
In the spring, moisture was closed with heavy 
harrows (BZTS 1) and pre-sowing cultivation  
(Europak). Protection against weeds included the  
application of herbicides Harness – 3.0 L ha-1 be- 
fore seedlings and Milagro in the phase of 5 – 7 lea- 
ves – 1.25 L ha-1. Sowing was carried out in the 
optimal time (the third decade of April) at a 
soil temperature of +8 – 10 ºС using an updated 
SUPN-8 seeder with a seeding rate of 50,000 pcs.  
seeds per hectare.

The scheme of the experiment included two 
factors. Factor A (the depth of sowing seeds): 
1. depth – 4 – 5 cm; 2. depth – 7 – 8 cm; 3. depth 
– 10 – 11 cm. Factor B (size of seed fraction):  
1. small (weight of 1000 grains) – 255 g; 2. me-
dium (weight of 1000 grains) – 300 g; 3. large 
(weight of 1000 grains) – 350 g [13].

Repetition for hybrids in experiments was  
4 times. Placement of plots was performed using 
the method of randomized repetitions. To deter- 
mine the productivity level and morphological  
characteristics of plants, the measurement me- 
thod of research was used; to assess the impor-
tance and reliability of the research results ob- 
tained, mathematical and statistical methods were  
applied; to obtain the economic assessment of the  
cultivation of a corn hybrid, we used calculation 
and comparison approaches [14 – 17].

■ Results and discussion

The results obtained in the studies confirmed 
the opinion that the height of plants could change 
depending on the conditions of the year and the  
features of the elements of growing technology. 
The year 2021 was the most favorable for the  
manifestation of plant height, while in 2020, 
due to a decrease in the amount of moisture and 
increased temperatures, the height of plants de-
creased somewhat, but this applied to the depth 
of seed wrapping of 4 – 5 and 7 – 8 cm. When 
wrapping seeds to a depth of 10 – 11 cm, due to 
the better moisture availability of this soil layer, 
even in 2020, some improvement in the growth 
processes of the DMS Sticker corn hybrid was 
observed.

The height of the plants varied significantly 
depending on the size of the seeds, as a rule, the 

tallest plants were obtained from large seeds, 
which had the highest mass of 1000 seeds. Thus, 
in particular, on average over two years of re-
search, the height of the plants was 250.4 cm 
when the weight of 1000 seeds was 255 g, and 
the seeds were wrapped by 4 – 5 cm; when the 
weight of 1000 seeds was 300 g, the height was 
251.1 cm, while with the weight of 350 g it was 
258.3 cm; with the wrapping depth of 7 – 8 cm 
the height was 252.1 cm, 255.8 and 268.5 cm, 
and with the wrapping depth of 10 – 11 cm it was 
257.6 cm, 261.8 and 266.1 cm.

The influence of the size of the seed fraction 
and the depth of their wrapping on the height 
of cob laying in the corn hybrids was studied. 
Thus, with an increase in the mass of the seed 
fraction, the height of cob laying in the DMS 
Sticker hybrid also increased, with the weight of 
1000 seeds of 255 g, the height of cob laying was 
87.5 cm, with the weight of 1000 seeds of 300 g it 
was 88.5 cm, and with the seed weight of 350 g 
– 89.8 cm at the seed wrapping depth of 4 – 5 cm. 
At the seed wrapping depth of 7 – 8 cm, it was 
90.1 cm, 93.3 and 9.5 cm, and at the seed wrap-
ping depth of 10 – 11 cm – 86.5 cm, 91.7 cm and  
93.5 cm, respectively, for small, medium and lar- 
ge fractions. There was also an increase in the 
height of cob laying with an increase in the depth 
of seed wrapping. This is explained by a better 
moisture supply of the lower layers of the soil, 
especially in the event of spring droughts.

Significant reserves of nutrients in the endo- 
sperm of a corn kernel and a large embryo allow  
it to germinate from a depth of 10 cm or more 
and maintain viability for a long time in dry soil. 
The results of the research conducted showed 
the influence of the size and depth of seed wrap-
ping on the number of rows of grains.

The data obtained confirm that the size of 
the seed fraction does not significantly affect the 
number of rows of grains on the cob, it is only 
necessary to note that when sowing with seeds 
of medium and large fractions of the DMS Stick-
er corn hybrid, the number of rows was slightly 
higher compared to sowing with small seeds. 
The largest number of rows on the cob was noted 
in the DMS Sticker corn hybrid for sowing with 
seeds of the large fraction – 14.8 pcs, and for the 
medium fraction – 14.4 – 14.7 pcs, while for sow-
ing with seeds of the small fraction it was the 
lowest 14.1 – 14.3 pcs. The use of medium and 
large seed fractions ensures a slight increase in 
the number of grain rows in all hybrids. There-
fore, it can be noted that this feature is more 
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genetically determined, and less dependent on 
agricultural cultivation techniques.

When the depth of seed wrapping changed, 
the number of rows of grains changed ambigu-
ously. We did not determine a significant rela-
tionship between the increase in the depth of seed 
wrapping and the number of rows of grains in 
the DMS Sticker corn hybrid although it was 
present to some extent.

The next feature that determines the level of  
productivity of corn hybrids is the number of grains  
in a row. Thus, the number of grains in a row was 
largely determined by the size of the seed frac-
tion. When using seeds of medium (30.0 – 31.0 pcs)  
and large (31.1 – 31.4 pcs) fractions for sowing  
the number of grains in a row was significantly 
higher than when sowing seeds of small frac-
tions (29.4 – 30.2 pcs). Thus, the use of the me-
dium and large fraction of seeds ensures a sig-
nificant increase in the number of grains in a row 
of the corn hybrid studied.

The number of grains in a row changed ambi- 
guously due to changes in the depth of seed wrap-
ping. Thus, in particular, the number of grains  
in a row, on average over two years, at the seed 
wrapping depth of 4 – 5 cm was 28.5 – 30.3 pcs, at 
the wrapping depth of 7 – 8 it was 28.9 – 32.3 pcs, 
and at the depth of 10 – 11 cm it was the high-
est – 29.2 – 32.4 pcs depending on the years of 
research.

Based on the data obtained, it can be stated 
that the option of sowing to the depth of 10 – 11 cm  
provided more stable indicators of the number 
of grains both in dry (2020) and in wetter (2021) 
years when they were carried out with the larg-
est seeds.

Depending on the number of rows of grains 
and the number of grains in the row of the begin-
ning of corn, a different number of grains were 
formed on one crop plant, and therefore, the plants 
had different productivity. Thus, depending on  
the options, each beginning formed an average  
of 414.5 to 464.7 grains over the years of re-
search. Moreover, their maximum sphericity was  
formed at the beginning of plants sown to a depth  
of 10 – 11 cm with the largest seeds.

In addition to the number of grains at the be- 
ginning, an important element of the producti- 
vity of a corn crop is the actual number of ears 
per plant. Thus, in our options, this indicator va- 
ried from 1.38 to 1.49 pieces per plant.

Based on the data obtained, it can be stated 
that the maximum number of buds (1.49 pcs per  
plant) was formed when sowing the largest seeds  
(350 g per 1000 pcs) and sowing them to a depth 
of 10 – 11 cm. The least variable was seed sowing 
with an average weight. Regarding the sowing 
depth, it was identical.

Depending on the number of grains at the be- 
ginning and the number of beginnings on the plant,  
their productivity varied from 170.5 to 218.1 g per  
plant, and the maximum was for sowing to a depth  
of 10 – 11 cm with the largest seeds.

Therefore, the seed fraction and the depth of 
its wrapping can change the values of the ele-
ments of the crop structure in the DMS Sticker 
corn hybrid.

As a result of the research conducted, on av-
erage over two years, the moisture content of the 
grain when using the fine fraction was 23.86 % 
for the wrapping depth of 4 – 5 cm, 24.43 % for the 
seed wrapping depth of 7 – 8 cm, and 24.45 % for 
the wrapping depth 10 – 11 cm; when using the 
medium fraction of seeds – 24.64 %, 24.79 and 
24.82 %, while using the large fraction of seeds – 
25.05 %, 25.19 % and 25.43 %, respectively (Table 1).

Therefore, the increase in the size of the seed 
fraction provided an increase in the level of pre-
harvest moisture, which ultimately caused ad-
ditional costs for grain drying. For changes in the 
depth of seed wrapping, this dependence was not 
detected.

As for the yield of grain, it is necessary to note 
the lowest level of its value, on average over two 
years of research, for the use of the small fraction 
of seeds of the DMS Sticker hybrid: 7.67 t ha-1  
for wrapping depths of 4 – 5, 8.25 – for 7 – 8 cm 
and 8.50 t ha-1 for the seed wrapping depth of 
10 – 11 cm (Table 2).

With the use of the medium seed fraction, 
the yield increased by 0.36 – 1.1 t ha-1, compared 
to the fine fraction, and with the use of the large 

Table 1. The grain moisture content of the DMS Sticker  
corn hybrid depending on the factors studied  
(average for 2020-2021), %

Seed fraction 
(Factor A)

Seed wrapping depth (Factor B)
4-5 cm 7-8 cm 10-11 cm

Small (255 g) 23.86 24.43 24.45
Medium (300 g) 24.64 24.79 24.82
Large (350 g) 25.05 25.19 25.43

 

Table 2. The grain yield of the DMS Sticker corn hybrid  
in the net weight depending on the factors studied  
(average for 2020-2021), t ha-1

Seed fraction 
(Factor A)

Seed wrapping depth (Factor B)
4-5 cm 7-8 cm 10-11 cm

Small (255 g) 6.91 7.39 7.61
Medium (300 g) 7.53 7.98 8.33
Large (350 g) 8.15 8.44 8.70
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seed fraction, the yield was the highest and was 
9.16 t ha-1 at the wrapping depth of 4 – 5 cm, 9.50 
t ha-1 for wrapping depths of 7 – 8 cm and 9.82 t 
ha-1 for wrapping depths of 10 – 11 cm.

Due to the excess moisture of the harvested 
grain and the need for additional drying and 
bringing it to 14 % moisture, the parameters of 
the grain obtained differed from the threshed 
grain.

Therefore, the use of the large seed fraction 
provided an increase in the yield of the DMS Sti- 
cker corn hybrid by 1.09 – 1.79 t ha-1 compared to 
the use of the small seed fraction and was 8.70 t ha-1  
in the net weight. In addition, it is necessary to note 
the highest value of productivity (8.15 – 8.70 t ha-1)  

of this hybrid when sowing the large fraction of 
the seed material in all variants of the depth of 
seed wrapping.

■ Conclusions

Thus, based on the results obtained and their  
analysis in the conditions of the northern part of 
the Pervomaysky district of the Mykolaiv region, 
it has been proposed to use the large fraction 
of seeds weighing 1000 grains of 350 g for the 
formation of the grain yield of the DMS Sticker 
corn hybrid (FAO 250) at the level of 8.70 t ha-1 
and the depth of its wrapping when sowing is 
10 – 11 cm.
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