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aryl
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bis(trichloromethyl)carbonate
butyl
benzyloxycarbonyl
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1,8-Diazabicyclo(5.4.0)undec-7-ene
dichloromethane
-dimethyl-3,5-dimethoxybenzyloxycarbonyl
diisobutylaluminium hydride
N,N’-diisopropylcarbodiimide
N,N-diisopropylethylamine
N,N-dimethylaminopyridine
N,N-dimethylformamide
ethylenediamine
ethyl
diethyl ether
ethyl acetate
ethanol
fluorenylmethyloxycarbonyl
glutamic acid
isoleucine
propan-2-ol
leucine
liquid
lysine
methionine
N-bromosuccinimide
N-methylpyrrolidone
ornithine
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OSu
PG
Ph
Phe
PTC
Py
PyBOP

succinimidyl ester
protecting group
phenyl
phenylalanine
phase transfer catalysis
pyridine
benzotriazol-1-yl-oxytripyrrolidinophosphonium
hexafluorophosphate
R, R’, R’’, R’’’ alkyl group
Ser
serine
Z
benzyloxycarbonyl
TBAHS
tetrabutylammonium hydrogensulfate
t-Bu
tert-Butyl
TEA
triethylamine
TFA
trifluoroacetic acid
THF
tetrahydrofuran
Thr
threonine
TMG
1,1,2,2-tetramethylguanidine
Troc
2,2,2-trichloroethyloxycarbonyl
Trp
tryptophan
Trt
trityl (triphenylmethyl)
Ts
para-toluenesulfonyl
TsOH
para-toluenesulfonic acid
Tyr
tyrosine
Val
valine
X
halogene
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1. INTRODUCTION
Hydrazine derivatives play significant role in nature, being intermediates of
nitrogen fixation by nitrification bacteria. [1] Moreover, simple organic derivatives of hydrazine are present in different mushrooms. For example, mushroom
Gyromitra esculenta contains a toxin and carcinogen acetaldehyde N-formylhydrazone, which, in turn, can form highly toxic methyl hydrazine. The widely
spread mushroom Agaricus bisporus contains 4-(hydroxymethyl)phenylhydrazine. [2] Systematic studies in hydrazine chemistry started in the 19-th century,
after E. Fischer prepared phenyl hydrazine in 1875, [3] and T. Curtius
synthesized hydrazine in 1887. [4] Only 7 years later, in 1895, Lorby de Bruyn
prepared the anhydrous hydrazine. [5]
The aforementioned discoveries initiated a systematic research of hydrazine
derivatives and resulted in discovery of different pharmaceutical compounds.
Indeed, the first medicines based on phenylhydrazine (Phenazone, Metamizole
etc.) were launched in the last decade of the 19-th century and in the beginning
of the 20-th century, [6–7] after L. Knorr reported synthesis of substituted
pyrazolones. [8] Further, hydrazine derivatives were studied as potential inhibitors of enzyme monoamine oxidase and anti-tuberculosis medicines. As a result of this work, several potent hydrazine based antidepressants (ex. Iproniazid), [9] and anti-tuberculosis medicines (ex. Isoniazid), [10] were discovered. Today several hydrazine derivatives serve as agricultural chemicals,
[11–14] anti-cancer medicines, [15] inhibitors of HIV, [16–17] and hepatitis C
virus proteases. [18] Additionally, hydrazine and its simplest organic derivatives are widely applied as reagents in organic synthesis, [19–20] and used for
synthesis of various heterocyclic compounds. [21–24]
Due to unique thermodynamic and kinetic parameters of combustion of
hydrazine and its simplest alkyl derivatives, these compounds are widely used
as an effective rocket fuels, [25] or as a fuel for fuel cells. [26]
More recently, replacement of native amino acid residues with alkylcarbazic
acids, also known as α-aza amino acids, has been proposed to increase
proteolytic stability of peptides. [27–29] This idea is based on structural similarity of natural amino acids and alkylcarbazic acids. However, the -aza-amino
acids are unstable and spontaneously decompose via decarboxylation. Therefore, alkylcarbazic acids should be synthesized in the form of orthogonally
protected monoalkylhydrazines, which are known as aza-amino acid precursors.
The structures of natural chiral amino acid (1), unstable a-aza-amino acid (2)
and corresponding -aza-amino acid precursor (3) are depicted in Figure 1.
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Figure 1. Amino acid (1), unstable aza-amino acid (2) and aza-amino acid precursor (3).

If synthesis of simplest alkylhydrazines has been optimized and is carried out
on the industrial scale, synthesis of the orthogonally protected hydrazines with
simultaneously labile protecting groups and carrying functional groups identical
to the natural amino acids, is a challenging task.
Preparation of the required compounds is sometimes complicated by instability or unavailability of the required reagents, contains several synthetic
steps, produces target compounds with relatively low yield or requires special
equipment or precious metal-based hydrogenation catalysts. Thus, new and
more convenient approaches to the synthesis of orthogonally protected alkylhydrazines as aza-amino acid precursors are required.
The present work is dedicated to solving the above-mentioned problems and
opening access to as complete as possible set of aza-amino acid precursors for
replacement of natural amino acids in peptides and proteins.
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2. LITERATURE OVERVIEW
2.1. Hydrazine synthesis via formation of N-N bond
2.1.1. Synthesis of hydrazine from amines and chloramines
Industrial large-scale synthesis of hydrazine and its simple organic derivatives
is often performed by reacting ammonia and primary or secondary amines with
chloramines. The simplest example of this reaction is the Rashig synthesis of
hydrazine starting from ammonia and sodium hypochlorite. This 2-step reaction
proceeds according to Scheme 1.

Scheme 1. Rashig synthesis of hydrazine from ammonia.

The first step generates unstable chloramine ((A), Scheme 1), which reacts in
situ with ammonia and forms the desired hydrazine ((B), Scheme 1). This reaction proceeds in relatively smooth conditions at temperatures from 0–100 oC. At
the same time, heavy metal (ex. Cu) ions catalyze oxidation of hydrazine by
chloramine (Scheme 2).

Scheme 2. Heavy metal ions catalyzed oxidation of hydrazine by chloramine.

Due to the aforementioned obstacle, several additives with complex formation
properties are added to the reaction mixture. The most typical additives include
gelatin and amino acids. Both form complexes with heavy metal ions and prevent hydrazine oxidation. Moreover, careful temperature control and holding
optimal pH range are required for successful performing of the Rashig synthesis. [30]
Yields of the Rashig synthesis lay in the range between 50–75 %. The Rashig
synthesis can also be applied for the synthesis of quaternary hydrazinium salts.
[31–32] This reaction could also be carried out by adding mixture of ammonia
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and chlorine into liquid primary and secondary amines. [33–34] The main disadvantage of this reaction is instability and difficult dosing of chloramines that
makes the Rashig synthesis not a very desirable reaction on laboratory scale.
2.1.1.1. Synthesis of hydrazines using
other electrophilic amination reagents
Due to difficulties with handling chloramines, described in 2.1.1, different more
stable and easy to handle electrophilic aminating reagents were proposed. The
first among these reagents was hydroxylamine-O-sulfonic acid ((A), Scheme 3)
[35–37], which can be synthesized from hydroxylamine sulfate and oleum, [38]
or by sulfonation of hydroxylamine with chlorosulfonic acid. [39] This reagent
reacts with amines in the same manner like chloramines and forms N-N bonds.
Yields are strongly dependent on the structure of amine and vary from
satisfactory ((D), 34 %) to moderate ((B), 49–53 %) and good ((C), 81–88 %)
as demonstrated on Scheme 3.

Scheme 3. Reaction of amines with hydroxylamine-O-sulfonic acid.

Another example of electrophilic amination proceeds via reaction of N-labeled
phtalimide potassium salt ((A), Scheme 4) with O-2,4-dinitrophenylhydroxylamine ((B), Scheme 4). The desired labeled N-aminophtalimide (C) was
obtained in very good yield (Scheme 4). [40]
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Scheme 4. Synthesis of N-protected aminophtalimides.

Not a long time ago synthesis of Boc-NH-O-Ts ((A), Scheme 5) was reported
and applied for introduction of Boc-NH group to variety of primary-, and
secondary amines as well as to aryl amines (Scheme 5). The yields of hydrazines were in the range 71–92 % for alkyl-, and dialkylhydrazines ((B) and (C),
Scheme 5). In the case of electrophilic amination of aromatic amines, yields of
N-Boc-N’-arylhydrazines ((D), Scheme 5) were 68–90 %. [41]

Scheme 5. Reaction of amines with Boc-NHO-Ts.

Despite the effectiveness and easy handling of the Boc-NH-O-Ts, 4 years later
the same authors reported that actual products of this reaction are not hydrazines, but isomeric urea derivatives, formed via Lossen rearrangement of BocNHOTs to tBu-ONCO. The latter intermediate undergoes a nucleophilic attack
by amine and forms corresponding urea derivative. [42]
Another approach to electrophilic amination utilizes N-alkyloxycarbonyl
protected oxaziridines. For example, N-Boc protected hydrazines could be
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successfully synthesized from diethylketomalonate derived N-Boc protected
oxaziridine ((B), Scheme 6). Different solvents were tested as the reaction
media and the best yield of N-Boc –N’-(2-phenylethyl) hydrazine was obtained
in DCM and toluene. Different primary amines ((A), Scheme 6) carrying
various alkyl- or aryl substituents (R= Bn; Ph; cyclopropyl; cyclohexyl; nheptyl, etc.) were tested and corresponding hydrazines ((C), Scheme 6) were
obtained in moderate to good yields (25–80%). The reaction scheme is depicted
on Scheme 6. [43]

Scheme 6. Synthesis of N-Boc–N’-alkylhydrazine via N-Boc protected oxaziridine.

2.1.2. Synthesis of hydrazines via N-nitrosamines
Geuther discovered N-nitrosation reaction in 1863, when he reacted diethylamine hydrochloride with sodium nitrite in aqueous solution. [44] Since these
times a lot of new properties and reactions of N-nitrosamines were discovered.
One on the most important properties of N-nitrosamines for the chemistry of
hydrazines is the ability of –N-N=O group to be reduced to hydrazine. [45]
Initially, reduction of nitroso group was accomplished by Zn dust in acetic acid.
[46] Besides of the Zn/AcOH combination, Na/Hg and Sn/HCl were applied for
the reduction of nitrosamines. [47] The classical method worked well in the
case of reduction of N-nitrosodialkylamines, carrying methyl-, ethyl-, and propyl groups. In the case of longer alkyl groups, starting from C4 substituent,
reduction of N-N bond begins to concur with reduction of the nitroso group and
formation of secondary amines takes place. [48] To overcome this problem,
general procedure for reduction of N-nitrosamines by LiAlH4 was developed.
[49] It was also mentioned, that the best results can be obtained, if reduction of
N-nitrosodimethylamine ((A), Scheme 7), is accomplished by 2 eq of LiAlH4 in
dry diethyl ether. Yield of 1,1-dimethylhydrazine ((B), Scheme 7) was 78 %. At
the same time, reduction of N-nitrosodiphenylamine ((C), Scheme 7) by 2 eq of
LiAlH4 in dry diethyl ether gave only diphenylamine ((D), Scheme 7). [49]
However, if reduction of N-nitrosodiphenylamine was performed by 1 eq of
LiAlH4 in dry diethyl ether, 1,1-diphenylhydrazine ((E), Scheme 7) was obtained with good yield. [50]
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Scheme 7. Reduction of N-nitrosodimethylamine and N-nitrosodiphenylamine by LiAlH4.

Also, an effective and convenient electrochemical reduction of various symmetric, asymmetric and cyclic ((A), 1) R1=R2= CH3; n-C4H9; isopropyl, allyl
etc.; 2) R1= Ph; R2= CH3; C2H5 etc.; (C), Scheme 8) N-nitrosamines in 1:1
mixture of 4 M HCl and 96 % EtOH was performed at potentials above – 0.9 V.
The corresponding hydrazines ((B) and (D), Scheme 8) were obtained in
moderate to good yields. [51]

Scheme 8. Electrochemical reduction of N-nitrosamines.
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Not a long time ago a convenient route to α-hydrazino esters was reported. This
method utilized nitrosation of N-benzyl amino acid methyl ester ((A), Scheme
9) with t-Butyl nitrite in DCM and reduction of the obtained N-nitrosamine with
Zn/c. HCl in methanol at – 78 oC (Scheme 9). The α-hydrazino ester ((B),
Scheme 9) was obtained with good yield. [52] The authors also reported that
their attempts to reduce N-nitrosamines using Zn/AcOH/65°C, Zn/AcOH/rt,
Zn/aq. HCl/rt, TiCl3/rt, TiCl3/NH4OAc/rt, Sn/aq. HCl, Zn/c.HCl/MeOH/rt were
not successful. In experiments with TiCl3 and Sn no hydrazine was formed and
reduction with Zn in different conditions resulted in cleavage of N-N bond. [52]

Scheme 9. Synthesis of α-hydrazino esters via reduction of N-nitrosamine.

Despite the effectiveness of reduction of nitrosamines, work with these compounds is complicated and limited by their carcinogenic properties.

2.2. Alkylation of hydrazine and its derivatives
2.2.1. Direct alkylation of hydrazine and its simple alkyl and
aryl derivatives
Being a bifunctional and powerful nucleophile, hydrazine ((A), Scheme 10) can
react with variety of electrophiles. For example, hydrazine easily undergoes
alkylation with alkylhalogenides forming a mixture of alkylated products
(Scheme 10). [53–54]

Scheme 10. Alkylation of hydrazine.
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The monalkylhydrazine, formed in the first reaction step ((B), Scheme 10) has
increased nucleophilicity and basicity in comparison with non-substituted
hydrazine due to electron-donating effect of the alkyl-group. Due to these
effects monalkylhydrazine ((B) easily reacts further, forming usually non-symmetrical dialkylhydrazine ((C), Scheme 10) and finally 1,1-dialkylhydrazine
may form quarternary hydrazinium salt ((D), Scheme 10). [53] After quarternisation, alkylation of hydrazinium salt does not proceed further. [53]
At the same time, alkylation of phenylhydrazine ((A), Scheme 11) usually
takes place on the non-substituted N-atom, forming 1-phenyl-2-alkylhydrazines
((B), Scheme 11). [53]

Scheme 11. Alkylation of phenyl hydrazine.

This fact can be explained by conjugation of electron pair of the NH-group
attached to the phenyl moiety with aromatic system. As a result, non-substituted
NH2 group is much more nucleophilic.
If hydrazine reacts with powerful alkylating reagents (ex. alkyl iodides),
only quarternary hydrazinium salts are formed in most cases. [53, 55] Sterical
parameters of alkyl groups have a tremendous effect on hydrazine alkylation
reaction. For example, if hydrazine ((A), Scheme 12) reacts with benzyl
chloride ((B), Scheme 12), 1,1,2-tribenzylhydrazine ((C), Scheme 12) is
formed. [53, 56–57]

Scheme 12.Reaction of hydrazine with benzyl chloride.

Formation of this product can be explained by sterical hindrance caused by 2
benzyl groups attached to the same nitrogen atom. As a result, third molecule of
benzyl chloride reacts with neighboring non-alkylated NH2 group. If hydrazine
reacts with even more sterically hindered halogenides (such as triphenylchloromethane (Trityl chloride)), Trt-NHNH2 is obtained with 87 % yield. [53, 58]
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Length of the alkyl chain of halogenide also plays an important role in formation of different alkylated products of alkylation. For example, if hydrazine
is alkylated by 1-chloroalkanes (C8 and longer), almost no quarternisation
occurs.
At the same time, if 1-chloroalkanes with even longer chains (C12 and
longer) are used for alkylation, mostly monoalkyl- and non-symmetrical
dialkylhydrazines are formed. [53, 59–60]
As it was mentioned previously, hydrazine polyalkylation remains the most
significant problem of hydrazine alkylation reaction. To overcome this problem,
alkylhalogenide should be slowly added to vigorously stirred 10 fold excess of
hydrazine hydrate. [53, 61] Moreover, extraction of hydrazine from the reaction
mixture is usually relatively complicated due to equilibriums between hydrazine
hydrate and solvent, and between hydrazine and hydrazinium salt. [53] In some
cases, alkylation in alcohol allows to avoid excessive formation of dialkylhydrazines. [53, 62]
It is important to mention that monoalkylhydrazines ((B), Scheme 13) can
be successfully prepared from hydrazine and aliphatic halogenides containing
hydroxyl or substituted amino group such as diethylamino group ((A), Scheme
13). [53, 63–64]

Scheme 13. Reaction of hydrazine with halogenide containing substituted amino group.

Some information is available about hydrazine alkylation by esters of mineral
acids. For example, ethylhydrazine was obtained in 32 % yield during
alkylation of hydrazine hydrate solution by diethyl sulfate. [53, 65] Reaction of
hydrazine with simple alkyl nitrates, such as ethyl nitrate, results is redox
process, where various inorganic nitrogen compounds (N2, NH3, NO2- etc.) In
the case of reaction of hydrazine and higher alkyl nitrates such as benzyl nitrate,
mixtures of mono-, di-, tri-, and tetra-alkylated hydrazines were obtained. [53,
66–67]
2.2.2. Alkylation of hydrazine derivatives
Due to the previously described difficulties with selective hydrazine alkylation
and inevitable overalkylation of monalkylhydrazine, several synthetic approaches starting from hydrazine derivatives were proposed. [53] One of the
first methods utilized alkylation of benzalazine ((A), Scheme 14) by dimethyl
sulfate. Methylation results in formation of quarternary hydrazinium salt ((B),
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Scheme 14), which is hydrolysed to methylhydrazine ((C), Scheme 14) and
aldehyde ((D), Scheme 14). [68]

Scheme 14. Synthesis of methylhydrazine via methylation of benzalazine.

Application of this method is limited by reactivity of the alkylating reagent.
Thus, dimethyl sulfate easily methylates benzalazine while higher alkyl sulfates
do not react with the azine. [53]
An alternative approach to alkylhydrazines starts from azines and Grignard
reagents. Organomagnesium compound reacts with -C=N- bond forming
hydrazone, which yields hydrazine after hydrolysis. For example, acetaldehyde
1-phenylethylhydrazone ((B), Scheme 15) was obtained from acetaldazine ((A),
Scheme 15) and phenylmagnesium bromide in 30 % yield and finally
hydrolysed to 1-phenylethylhydrazine ((C), Scheme 15). [53, 69]

Scheme 15. Synthesis of 1-phenylethylhydrazine from acetaldazine and Grignard
reagent.

Success of this reaction depends on structure and extent of conjugation in the
azine and the hydrazone. Usually organomagnesium compounds react well with
aliphatic azines, but in the case of conjugated azines such as benzalazine, shift
of hydrazone –N=CH- bond to isomeric -N=N- bond was observed. [53, 70]
This results in formation of hydrocarbons. [53, 70]
To improve selectivity of alkylation of hydrazine derivatives, synthesis over
sodium hydrazides, generated in liquid ammonia was proposed. This approach
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was used for selective alkylation of phenylhydrazine ((A), Scheme 16) at Natom, attached to the phenyl moiety, and allowed to synthesize different 1Alkyl-1-phenylhydrazines ((B), Scheme 16). [71]

Scheme 16. Synthesis of 1-alkyl-1-phenylhydrazine via sodium phenylhydrazide.

Further, alkylation of enolates of acylhydrazones was proposed. [53] For
example, benzylhydrazine ((C), Scheme 17) was prepared from acetylhydrazone ((A), Scheme 17) via its sodium enolate ((B), Scheme 17) in 76 % yield.
[72]

Scheme 17. Synthesis of benzylhydrazine via acetone acetylhydrazone enolate.

Also, sodium enolates of diacetyl acylhydrazones ((A), Scheme 18) were used
for an effecient synthesis of 1-acylalkylhydrazines ((C), Scheme 18). [73–75]
The main advantage of diacetyl hydrazone is its simple hydrolysis in very mild
conditions by refluxing in aqueous ethanol in the presence of semicarbazide.

Scheme 18. Synthesis of 1-acylalkyl hydrazines via diacetyl hydrazone.
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These approaches utilize the acidity of the conjugated NH group in acylhydrazone, its deprotonation results in formation of an enolate, which is
selectively alkylated. The same idea was developed further and the increased
NH-acidity of protected hydrazine was used for alkylation under PTC
conditions. The main advantage of the PTC method is the abscence of necessity
for isolation of ionic metal derivatives, as the reaction proceeds in heterogenous
aqueous-organic system in the presence of tertiary alkylammonium salts.
For example, diphenylphosphino-protected hydrazine ((A), Scheme 19) was
successfully alkylated by different halogenides. After deprotection of diphenylphosphino protecting group in acidic conditions, monoalkylhydrazine dihydrochlorides ((B), Scheme 19) were obtained in good yield (Scheme 19). [76]

Scheme 19. Synthesis of monoalkylhydrazines from diphenylphosphino-protected
hydrazine.

Later, this method was developed further and adjusted for synthesis of symmetrical dialkylhydrazines. In the first step diphenylphosphino-protected
hydrazine ((A), Scheme 20) was alkylated using the PTC conditions. Further,
the obtained diphenylphosphino-protected monoalkylhydrazine ((B), Scheme
20) was acetylated with acetyl chloride and again alkylated using the PTC
conditions. Finally, both protecting groups were removed in acidic media and
dihydrochlorides of the symmetrical dialkylhydrazines ((C), Scheme 20) were
obtained in good yields (Scheme 20). [77]

Scheme 20. Synthesis of symmetrical dialkylhydrazines from diphenylphosphinoprotected hydrazine.
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2.2.2.1. Syntheses over di-and triprotected hydrazines
The new era in chemistry of hydrazine began after introduction of the first
triprotected hydrazine precursor- 1,1,2-tris(Boc)hydrazine. [78] The protecting
groups in triprotected hydrazine precursor should be orthogonal to provide the
option of their selective removal. Orthogonal protection does not mandatory
require use of different protecting groups and could be achieved even in the
case of the same group, as it was demonstrated during the synthesis of 1,1,2tris(Boc)hydrazine. Indeed, geminal Boc-groups are much more labile in
comparison with NHBoc moiety and can be easily removed by treatment with
TFA. [78] Synthesis of the aforementioned precursor started from Z-NHNH2
((A), Scheme 21), which was treated 2 times with Boc2O and finally hydrogenated over Pd/C catalyst in CH3OH. Subsequently, the resulted 1,1,2-tris(Boc)hydrazine ((C), Scheme 21) was selectively alkylated using PTC conditions affording 1,1,2-tris-(Boc)-2-alkylhydrazine ((D), Scheme 21). In the
following step one geminal Boc-group was removed by treatment with TFA and
the resulted 1,2-bis(Boc)-1-alkylhydrazine ((E), Scheme 21) was once again
alkylated using PTC conditions and 1,2-bis-(Boc)-1,2-dialkylhydrazine ((F),
Scheme 21) was formed. Finally, both Boc-groups were removed by treatment
with HCl and the desired 1,2-dialkylhydrazines were obtained ((G), Scheme
21). [78]

Scheme 21. Synthesis and applications of 1,1,2-tris-Boc hydrazine precursor.
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This pioneering work about triprotected precursors was developed further and
resulted in construction of tri-protected hydrazine bearing all orthogonal
groups- 1,2-bis-Boc-2-Z-hydrazine. [79, 80] Synthesis of this precursor started
again from Z-NHNH2 ((A), Scheme 22). Free NH2- group was protected with
Troc-group followed by incorporation of 2 Boc groups. As a result, fully
protected hydrazine ((B), Scheme 22) was obtained. Finally, Troc-group was
reductively cleaved and afforded the desired 1,2-bis-Boc-2-Z-hydrazine ((C),
Scheme 22). The latter compound was alkylated using PTC conditions and the
obtained 1,2-bis-Boc-2-Z-2-alkylhydrazine ((D), Scheme 22) underwent
selective Mg(ClO4)2 mediated removal of Boc-group from N(Boc)(Z) moiety.
The obtained 1-Boc-1-alkyl-2-Z-hydrazine was again alkylated using PTC
conditions and orthogonally protected 1-Boc-2-Z-1,2-dialkylhydrazine was
obtained ((E), Scheme 22). [79, 80]

Scheme 22. Synthesis and reactions of 1,2-bis-Boc-2-Z-hydrazine.

Diprotected hydrazine precursors carrying orthogonal protecting groups were
also used for preparation of protected hydrazines. For example, 1-Boc-2-Z
protected ((B), Scheme 23) precursor was prepared from Boc-NHNH2 ((A),
Scheme 23) by treatment with Z-Cl and further alkylated by 1,3dibromopropane in the presence of NaH affording 1-Boc-2-Z-protected
pyrazolidine ((C), Scheme 23). [81]

Scheme 23. Alkylation of 1-Boc-2-Z-hydrazine.
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The same approach over alkylation of 1-Boc-2-Z-hydrazine ((B), Scheme 24)
with 1,3-dibromopropane was used for preparation of Nb-Fmoc-aza-b3-Proline
precursor. This synthesis utilized the direct alkylation of cyclic Z-protected
hydrazine ((D), Scheme 24) derivative with tert-Butyl bromoacetate and
exchanges of protecting groups. Yields were from good to excellent (Scheme
24). [82]

Scheme 24. Synthesis of Nb-Fmoc-aza-b3-Proline precursor from BocNHNH2.

Additionally, 1,2-bis-Boc-protected hydrazine ((A), Scheme 25) was successfully alkylated by various halogenides in DMF in the presence of 1 eq of
Cs2CO3. Use of excess of Cs2CO3 and alkylhalogenides resulted in formation of
dialkylated products. In order to perform alkylation of 1,2-bis-Boc-protected
hydrazine selectively, 1 eq of Cs2CO3 and nearly equimolar amount (1.1 eq) of
halogenide should be applied. For introduction of the second alkyl group 1.1 eq
of Cs2CO3 and 1.5 eq of alkylhalogenide were used. The resulting 1,2-bis-Boc1,2-dialkylhydrazine ((B), Scheme 25) is selectively deprotected in benzophenone at high temperature affording 1-Boc-1,2-dialkylhydrazine ((C),
Scheme 25). The latter compound was alkylated third time in the presence of
Cs2CO3 resulting in formation of 1-Boc-1,2,2-trialkylhydrazine ((D), Scheme
25). [83]
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Scheme 25. Alkylation of 1,2-bis-Boc protected hydrazine.

Another example of diprotected hydrazine precursor carrying Boc and
triphenylphosphonium protecting group ((A), Scheme 26) allowed direct
deprotonation with BuLi and alkylation with alkylhalogenide. As a result, Boc-,
and triphenylphosphonium protected alkylhydrazine ((C), Scheme 26) was
obtained. The triphenylphosphonium protecting group was removed by
treatment with NaOH and the obtained N-Boc-N'-alkylhydrazine ((D), Scheme
26) was acylated. Corresponding Boc-protected alkylated acylhydrazine ((E),
Scheme 26) was alkylated using PTC conditions and resulted in formation of 1Boc-2-acyl-1,2-dialkylhydrazine ((F), Scheme 26). [84]
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2.2.2.2. Syntheses over hydrazine anions
The idea of increased N-acidity of substituted hydrazines was developed further
and resulted in design of a new synthetic method for modification of hydrazines
processing over hydrazine polyanions. It is important to mention, that
generation of dianion from 1,2-bis-trimethylsilylhydrazine and its subsequent
alkylation with CH3J was attempted in the beginning of 1960-s. The reaction
proceeded rather unselectively and gave mixture of the 1,2-bis-trimethylsilyl1,2-dimethylhydrazine and 1,1-bistrimethylsilyl-2,2-dimethylhydrazine. [85]
Later, hydrazine dianions became a topic of a detailed research. The first
experiments used PhNHNHBoc ((A), Scheme 27) as a substrate and deprotonation was done at –78 oC by treatment with BuLi. Boc protected NH
group is much more acidic than phenylic NH and treatment of PhNHNHBoc
with 1 eq of BuLi results in selective deprotonation of carbamate NH group and
formation of anion ((C), Scheme 27). Alkylation of this anion allows selective
alkylation of the carbamate N-atom and formation of hydrazine ((F), Scheme
27). At the same time, if selective alkylation of phenylic nitrogen is required,
the dianion ((B), Scheme 27), generated by treatment of PhNHNHBoc by 2 eq
of BuLi at –78 oC is alkylated by 1 eq of halogenide. Deprotonated phenylic NH
group is significantly more nucleophilic than neighbouring deprotonated
BocNH- group and undergoes selective alkylation. As a result, hydrazine ((D),
Scheme 27) was obtained. This difference in reactivity could be used for
unsymmetric one-pot alkylation of PhNHNHBoc. For this purpose the dianion
(B) is alkylated by 2 different halogenides. The first halogenide alkylates the
anion of phenylic NH, and the second reacts with Boc protected NH producing
hydrazine ((E), Scheme 27). Finally, in order to obtain symmetrically alkylated
product, the dianion should be treated by 2 eq of halogenide. The yield of these
syntheses vary from good to excellent. The reactions proceed as depicted on
Scheme 27. [86]

Scheme 27. Alkylation of hydrazine dianions.
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Later, alkylation of trianion ((B), Scheme 28) generated in THF at –78 oC from
BocNHNH2 ((A), Scheme 28) by treatment by BuLi was studied. As a result,
Boc-protected trialkylhydrazines ((D), Scheme 28) were obtained if corresponding trianion was reacted with 4 eq of allyl bromide or methyl iodide.
Treatment of trianion (B) with 2 eq of allyl bromide, benzyl bromide or CH3J
resulted in selective formation of 1-Boc-2,2-dialkylhydrazines ((E), Scheme
28). During the subsequent research some exceptions in alkylation of dianion
((C), Scheme 28), generated from Boc-NHNH2 by treatment with 2 eq of BuLi
were turned out. For example, alkylation of the aforementioned dianion (C) by
allyl bromide at room temperature gave 1-Boc-2,2-diallylhydrazine ((F),
Scheme 28), but not the expected 1-Boc-1-allyl-2-allylhydrazine. Formation of
the desired hydrazine (G) became possible if dianion (C) was alkylated at
–50 oC (Scheme 28). [87]

Scheme 28. Alkylation of Boc-protected hydrazine di- and trianions.

The above mentioned formation of the unexpected product - N-Boc-N’,N’dialkylhydrazine ((F), Scheme 28) can be explained by establishment of
eqilibrium between anions ((A), (B) and (C)), as depicted on Scheme 29. The
first possibility for the formation of N-Boc-N’,N’-dialkylhydrazine ((F),
Scheme 28) is the presence of equlibrial amouns of more nucleophilic anion
lithiated at R-NH moiety ((B), Scheme 29). The second proposed pathway for
generation of more nucleophilic anion includes formation of dianion by
metallation of the initial anion with the same or some other anion present in the
reaction mixture. As a result, more nucleophilic anion ((C), Scheme 29) formed
from R-NH moiety reacts with alkylhalogenide more rapidly and forms the
unexpected N-Boc-N’,N’-dialkylhydrazine. [87]
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Scheme 29. Equlibia between hydrazine anions.

This method was extended to the synthesis of tetrasubstituted hydrazines using
minimal amount of protecting groups. The syntheses were started from cheap
and available strarting materials such as hydrazine hydrate and allowed full
derivatisation of the starting compound with minimal amount of synthetic steps.
For example, 1-acetyl-1-methyl-2-ethyl-2-benzylhydrazine ((G), Scheme 30)
was synthesized from hydrazine hydrate ((A), Scheme 30) in 6 steps (Scheme
30). [88]

Scheme 30. Synthesis of tetrasubstituted hydrazine derivative from hydrazine hydrate.

Additionally, alkylation of hydrazine anions was successfully applied for the
synthesis of heterocyclic compounds. [89]
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2.2.2.3. Alkylation of hydrazone anions
Not a long time ago, N-acidity of hydrazones of aromatic ketones (ex. Benzaldehyde, Benzophenone, Fluorenone), caused by conjugation of the -CH=Nbond with aromatic system, was successfully applied for a synthesis of different
substituted alkylhydrazines. For example, fluorenylidene tert-Butyl carbazate
was successfully alkylated by 1.5 eq of propargyl bromide in dry THF in the
presence of 1.5 eq of a base (KOtBu; EtONa; Et4NOH; 2-tert-Butyl-1,1,2,2tetramethylguanidine (2-tert-Butyl-TMG); Et3N etc.). Structure and strength of
the applied base had great effect on the alkylation reaction and yield of the
alkylated carbazate. For example, if alkylation of fluorenylidene tert-Butyl
carbazate ((B), Scheme 31) with propargyl bromide was preformed using strong
bases (KOtBu; EtONa; Et4NOH; 2-tert-Butyl-TMG), alkylated product ((C),
Scheme 31) was obtained in quantitative yield (100 %). At the same time,
alkylation in the presence of CH3ONa gave product in 57 % yield and only
30 % of the product (C) were obtained if DBU was used as a base. Further,
alkylation of fluorenylidene tert-Butyl carbazate (B) in dry THF by different
halogenides (R= CH3; Et; Bu; Bn; Allyl; CH2CN; CH2COOt-Bu; iPr etc; X= Br;
I) in the presence of 1.5 eq of Et4NOH was studied. Yields of the products ((D),
Scheme 31) varied from 55–89 %. [90]

Scheme 31. Synthesis and reactions of fluorenylidene tert-Butyl carbazate.

Alkylation of tert-butyl benzylidene carbazate and tert-butyl diphenylmethylidene carbazate by 1.5 eq of propargyl bromide in dry THF in the presence of
1.5 eq of a base gave a bit different results. The best yields were obtained if
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alkylation was performed in the presence of metal alcoxides and Et4NOH.
Alkylation of tert-Butyl benzylidene carbazate in the presence of 2-tert-ButylTMG gave 33 % of the alkylated product and only traces of the desired
alkylated product in the case of tert-butyl diphenylmethylene carbazate.
Attempts to alkylate both carbazates in the presence of DBU were unsuccessful.
And finally, attempts to alkylate all the 3 aforementioned carbazates in the presence of Et3N were completely unsuccessful. [90] These effects can be explained by different sterical hindrence of the reaction centre caused by different
structure of the hydrazone part, strength of the applied base and different Nacidity of the substrates caused by different conjugation extent in the hydrazone
moiety.
Additionally, benzhydrylidene protected hydrazines were used for a synthesis of aza-dipeptides. For this purpose benzhydrylidene protected hydrazine
((A), Scheme 32) was activated via reacting it with 4-nitrophenyl chloroformate
((B), Scheme 32). Subsequently, the activated intermediate ((C), Scheme 32)
was reacted with L-Phe-COOtBu and the obtained dipeptide ((D), Scheme 32)
was alkylated on hydrazone moiety according to the previously described
procedure. As a result, benzhyrdylidene protected N-alkylated aza-dipeptide
((E), Scheme 32) was obtained with moderate yield. It is very important to
mention that if alkylation was performed in the presence of a strong base such
as KOtBu, aza-dipeptide was obtained as a racemic mixture. At the same time,
if weaker base Et4NOH was used in the alkylation step, the reaction proceeded
without racemisation (Scheme 32). [90]

Scheme 32. Synthesis of benzhydrylidene protected aza-dipeptides.
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An alternative approach to the synthesis of the fluorenylidene protected azadipeptide was also proposed. This procedure used conversion of the L-PheCOOtBu to the corresponding isocyanate by reacting amino acid with phosgene
and subsequent reaction of isocyanate with fluorenone hydrazone. [90]
The same authors reported a convenient orthogonal deprotection strategy for
the selective removal of protecting groups from the fluorenylidene azapropargylglycinyl-D,L-phenylalanine tert-butyl ester ((A), Scheme 33). Thus,
fluorenylidene moiety was deprotected by treatment with NH2OHxHCl in
pyridine overnight at 60 oC. The product with deprotected hydrazine terminus
((B), Scheme 33) was obtained in 95 % yield. At the same time, tert-Butyl ester
can be removed in the presence of hydrazone group by treatment with
DCM/TFA 1/1 mixture (yield 71 %) or gaseous HCl in DCM affording the
product with deprotected C-terminus ((C), Scheme 33), yield 86 %). Reactions
are described in Scheme 33. [90]

Scheme 33. Selective deprotection of fluorenylidene aza-propargylglycinyl-D,L-phenylalanine tert-butyl ester.

The above mentioned hydrazone alkylation strategy was successfully applied
for synthesis of different aza-peptides. [91–92] Additionally, terminal benzylidene protected aza-Glycine containing peptides ((A), Scheme 34) were arylated
on solid support by different aryl iodides (Ar= Ph; 4-OCH3-Ph; 3-OCH3-Ph; 4CH3-Ph; N-Boc-indolyl etc.) in the presence of CuI as catalyst and KOtBu as a
base. As a result, peptides with terminal N-arylated aza-Gly ((B), Scheme 34)
were obtained. Terminal benzylidene group was deprotected by treatment with
NH2OHxHCl in pyridine and hydrazino terminus of the peptide was coupled
with Fmoc-Ala affording the aza-peptide ((C), Scheme 34). [93]
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Scheme 34. Arylation of benzylidene protected aza-Gly residues on solid support and
subsequent elongation of peptide chain.

Recently, synthesis of aza-peptides with heteroatomic basic side chains was
accomplished via alkylation of the terminal hydrazones. For this purpose,
terminal hydrazone protected aza-Gly residue ((A), Scheme 35) was treated on
solid support with 1-bromo-3-chloropropane or 1-bromo-4-chloropropane in dry
THF in the presence of 1.2 eq of Et4NOH as a base. During the alkylation
reaction only bromine atom in dihalogenide was substituted and 3-chloropropyl
or 4-chlorobutyl group was introduced. Further, in order to convert the obtained
itermediates ((B), Scheme 35) into aza-ornithine, aza-arginine and aza-lysine
containing aza-peptides, peptides containing ώ-chloroalkyl chain (B) were
reacted with NaN3 in DMF and the peptide chain was elongated. The azidogroup of the peptides ((C), Scheme 35) was reduced to primary amine using
P(C2H4COOH)3 in THF/water 9/1 mixture, affording corresponding aza-Orn
and aza-Lys residues ((D), Scheme 35). Subsequent formation of aza-Arg
moiety containing guanidyl group was achieved by reacting the primary amine
with S-methyl-bis-Boc-isothiourea. As a result, aza-Arg containing aza-peptides
were prepared ((E), Scheme 35). [94]
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Scheme 35. Alkylation of hydrazone protected aza-Gly residues with dihalogenides and
subsequent modification of the side chain.

2.2.2.4. Alkylation of monoprotected hydrazines
Despite the previously mentioned problems with selectivity of hydrazine
alkylation reaction, direct alkylation still remains an easy and rapid method for
modification of monoprotected hydrazines with alkyl groups. This approach
was successfully applied for a synthesis of protected alkylhydrazines. For
example, Boc-NHNH2 ((A), Scheme 36) was alkylated by benzyl bromoacetate
((B), Scheme 36) in toluene in the presence of DiPEA and gave the product
((C), Scheme 36) in 61 % yield. [95]

Scheme 36. Direct alkylation of BocNHNH2 with benzyl bromoacetate.

Additionally, preparation of Fmoc-aza-3-Asp-OH precursor started from ZNHNH2 ((A), Scheme 37) and included 2 alkylations with different 2-bromocarboxylic acid esters. In the first synthetic step ZNHNH2 (A) was alkylated
with tert-Butyl 2-bromoacetate using DiPEA as a base. Subsequently, the
monoalkylated product ((B), Scheme 37) was alkylated with 2 eq of methyl
bromoacetate and Z-protecting group of the dialkylated hydrazine ((C), Scheme
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37) was removed by hydrogenation over Pd/C. The obtained N,N-dialkylhydrazine ((D), Scheme 37) was treated with Fmoc-Cl in the presence of
NaHCO3 as a mild base and in the final step methyl ester was hydrolyzed by
NaOH in the presence of CaCl2 affording the Fmoc-aza-3-Asp-OH precursor
((E), Scheme 37). [82] CaCl2 acts as a catalyst and helps to prevent Fmoc
cleavage under basic conditions. [96]

Scheme 37. Synthesis of Fmoc-aza-3-Asp-OH.

Recently, synthesis of Ddz-protected aza-Asp-(OtBu) precursor was reported
via direct alkylation of Ddz-NHNH2 ((A), Scheme 38) with tert-Butyl bromoacetate ((B), Scheme 38) in DMF using 1.1 eq of K2CO3 as a base. Yield of the
target monoalkylated product ((C), Scheme 38) was 62 %. [97]

Scheme 38. Synthesis of Ddz-Asp-(OtBu) precursor via alkylation.

In general, synthesis of aza-Asp precursors via alkylation of monoprotected
hydrazines with 2-bromoacetic acid esters is much more convenient than 3 step
synthesis including reductive alkylation of Fmoc-NHNH2 with glioxylic acid
and subsequent esterification with tert-Butyl 2,2,2-trichloroacetimidate. [28]
Alkylation of monoprotected hydrazine could be performed using an equimolar
amount of halogenoacetic acid ester as secondary NH moiety in monoalkylated
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product is more sterically hindered and owns lower nucleophilicity due to
electron withdrawing effect of the neigbouring group. For example, alkylation
of BocNHNH2 with tert-Butyl bromoacetate at room temperature in DMF and
in the presence of 1.1 eq of K2CO3 as a base, gave the desired monoalkylated
product in 23 % yield. The yield of dialkylated product was only 2 %. [98]
Another interesting approach to synthesis of Fmoc-aza-Glu-OtBu precursor
((D), Scheme 39) included alkylation of the hydrazine hydrate ((A), Scheme
39), taken in 10 fold excess, with tert-Butyl acrylate ((B), Scheme 39) in 2propanol and subsequent protection of the alkylhydrazine ((C), Scheme 39)
with Fmoc-group. The alkylation reaction gave product (in the form of hydrochloride) in 39 % yield. Protection step also generated product with Fmocgroup on already alkylated nitrogen ((E), Scheme 39). For separation, the side
product was condensated with benzaldehyde and removed in the form of hydrazone ((F), Scheme 39) as shown on Scheme 39. Yield of the protection step
was poor and only 13 % of the aza-Glu precursor (D) were obtained. [99] Such
a low yield can be explained by greater nucleophilicity of the alkylated nitrogen
making it significantly more reactive towards Fmoc-OSu.

Scheme 39. Synthesis of Fmoc-aza-Glu-OtBu precursor from tert-Butyl acrylate.

Additionally, synthesis of aza-peptides containing C-terminal aza-Asparagine
was reported. The synthesis started from immobilisation of 2-bromoacetic acid
((A), Scheme 40) on Rink resin ((B), Scheme 40) using DIC in NMP, followed
by the on-resin nucleophilic substitution of bromine with Fmoc-NHNH2
resulting in formation of aza-Asp residue ((D), Scheme 40) immobilized on
solid support (Scheme 40). [100]

Scheme 40. Alkylation of FmocNHNH2 with 2-bromoacetic acid immobilized on solid
support.
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Not a long time ago an effecient alkylation of Boc-NHNH2 ((A), Scheme 41)
with methyl bromoacetate was reported. The monoalkylhydrazine ((B), Scheme
41) was again alkylated with 4-bromobutyronitrile. Both alkylations were
performed in the presence of DiPEA as a base and gave product ((C), Scheme
41) in good yields- 70 % and above (Scheme 41). [101]

Scheme 41. Alkylation of BocNHNH2 with methyl bromoacetate and 4-bromobutyronitrile.

As it can be seen from the brief overview of the examples of alkylation of the
monoprotected hydrazines, direct alkylation approach is mostly used for preparation of N-protected derivatives of hydrazinoacetic acid and thus became
especially useful for the synthesis of aza-β3 amino acids. However, the direct
functionalisation of monoprotected hydrazines with alkyl groups is a very
effective 1 step approach. Additionally, monoprotected hydrazines are a weak
nucleophiles in comparison with nonsubstituted hydrazine and usually
corresponding bromides are used for alkylation.

2.3. Reductive alkylation of hydrazines
As it was previously mentioned, direct alkylation of hydrazines is not a very
selective process and formation of polyalkylated hydrazines is almost inevitable. At the same time, hydrazine derivatives (hydrazones, aldazines, ketazines,
etc.) can be reduced to substituted hydrazines.
Reduction of hydrazones allows selective synthesis of monoalkylhydrazines
and will be discussed in details. Selectivity of formation of monoalkylhydrazines can be explained by the selective formation of -CH=N- bond in the
reaction of hydrazine -NH2 group with carbonyl compound in very mild
conditions. At the same time, imine 2-bond could be formed during reaction of
secondary amino group with carbonyl compounds. However, the resulting imine
bears positively charged N-atom and its formation requires more harsh conditions. This method starts from condensation of hydrazine with aldehydes or
ketones. If the reaction utilizes reactive aldehydes, it is difficult to stop condensation on the hydrazone step as -NH2 group of the formed hydrazone reacts
further. [102] Hydrazones can be reduced to hydrazines by different reductants,
of which catalytic hydrogenation is one of the most general methods and is
discussed in subchapter 2.3.1.
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2.3.1. Hydrogenation of hydrazones
N-N bond is sensitive to reductive cleavage and depending on the reaction
conditions and the type of applied catalyst formation of various products is
possible. [103] For example, during hydrogenation of 1-phenyl-2-propyl hydrazone formation of 4 different compounds was observed. If reduction of hydrazone was performed slowly and incompletely in alcohol, water, ethyl acetate or
THF and in the presence of Pd/C or platinum, rhodium or ruthenium oxides as
hydrogenation catalysts, large amounts of the corresponding ketazine ((A),
Scheme 42) were obtained. Symmetrical dialkylhydrazine ((B), Scheme 42)
was obtained as a result of slow and complete reduction of hydrazone in
aqueous AcOH using platinum oxide as catalyst. Use of Raney Ni as hydrogenation catalyst and performing the reduction in ethanol almost exclusively
afforded ketazine (A) and 1-phenyl-2-aminopropane ((C), Scheme 42). The
desired 1-phenyl-2-propylhydrazine ((D), Scheme 42) was obtained if hydrogenation was performed in alcoholic AcOH using platinum oxide as catalyst
and at pressure of 2000 pounds. The yields were in the range 55–70 %. At the
same time, reduction of the same hydrazone with NaBH4 in diglyme produced
the symmetric dialkylhydrazine ((B), Scheme 42) in 89 % yield. [103] The
results described above prove the fact, that Raney Ni cleaved N-N bond and is
not suitable for reduction of hydrazine derivatives. [104,105]

Scheme 42. Formation of different products during hydrogenation of 1-phenyl-2-propyl
hydrazone.
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To improve stability of the N-N bond, hydrazones are usually protected (ex.
acetylated) and subsequently hydrogenated over platinum oxide or platinum on
solid support. [53, 106–107] At the same time, benzylhydrazine ((D), Scheme
43) was successfully synthesized via low pressure hydrogenation of benzylidenehydrazine ((C), Scheme 43) in ethanol over Pd(5%)/C catalyst. The product (D) was obtained in 75 % yield (Scheme 43). [108]

Scheme 43. Synthesis of benzylhydrazine via hydrogenation of benzylidenehydrazine.

Hydrogenation of the benzaldehyde N-Boc hydrazone ((C), Scheme 44) over
Pd/C in methanol allowed to obtain corresponding hydrazine ((D), Scheme 44)
in 81 % yield over 2 reaction steps (Scheme 44). [109]

Scheme 44. Synthesis of N-Boc-N’-benzylhydrazine via reduction of corresponding
hydrazone.

Additonally, a set of Boc-protected alkylhydrazines corresponding to aza-Val,
aza-Ile, aza-Leu, aza-Phe, aza-Tyr and aza-Trp were obtained via hydrogenation
of the hydrazones over Pd(5%)/C catalyst in THF at 25 oC. During this study a
tremendous effects of hydrazone structure on the hydrogenation kinetics was
observed. For example, hydrogenaton of benzaldehyde N-Boc protected hydrazone proceeded most rapidly and theoretical amount of a hydrogen was uptaken
during 20 min. Hydrazones of O-tBu protected and non-protected 4-hydroxybenzaldehyde were also reduced quite rapidly: uptake of a theoretical amount
of a hydrogen took 2.5 hours (hydrazone carrying O-tBu group) and 3.5 hours
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in the case of hydrazone with non-protected phenolic OH group. Reduction of
the indole-3-aldehyde N-Boc-protected hydrazone reguired 40–60 hours and
hydrogenation of acetone N-Boc protected hydrazone required 60–68 hour long
hydrogenation. Attempts to hydrogenate acetone N-Boc protected hydrazone
over Pd (30%)/C at higher pressure resulted in formation of a mixture containing only a little amount of the desired product. [81]
Not a long time ago hydrogenation mediated synthesis of Fmoc-protected
precursors of aza-Tyr, aza-Phe and aza-Trp was reported. The syntheses started
from Fmoc-NHNH2 ((A), Scheme 45) which was condensated with a corresponding aldehyde in refluxing EtOH. For a reduction step, hydrazone was
dissolved in THF and hydrogenated over Pd(OH)2/C at room temperature and
pressure of 100 psi (Scheme 45). The yields of hydrazines ((B) and (C),
Scheme 45) were good to excellent. [28]

Scheme 45. Synthesis of Fmoc protected aza-Phe, aza-Tyr(OSi(CH3)2tBu) and azaTrp(Boc) precursors.

An another example of hydrogenation of N-Boc benzylidene hydrazines ((A),
Scheme 46) utilized 1.8 eq of HCOONa as hydrogen source, 0.2 eq of
Pd(10%)/C catalyst and EtOH/H2O 5/1 mixture as a solvent (Scheme 46).
Different hydrazones (A) with variety of substituents on phenyl group (R=Ph;
(3-OCH3)Ph; (2,4-(OCH3)2)Ph; (4-(2-pyridinyl)Ph; (4-(4-NO2-Bn))Ph etc.)
were used as a reaction substrates. The reaction proceeded for 1.5 h at 60 oC,
followed by overnight stirring at temperature below 40 oC and afforded
corresponding hydrazines ((B), Scheme 46) in good yields. [110]
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Scheme 46. Synthesis of N-Boc benzylhydrazines using HCOONa and Pd/C.

As it can be seen from the aforementioned brief overview, catalytic hydrogenation is a useful and general method for a reduction of different hydrazones
affording hydrazines with yields varying from good to excellent. However,
success of this procedure strongly depends on the solvent, type of a catalyst,
reaction conditions and hydrazone structure. Due to several obstacles with hydrogenation of hydrazones, alternative selective and convenient methods for reduction
are still required. Rapid reseach in the field of chemistry of complex hydrides
allowed to overcome many synthetic difficulties and will be discussed in 2.3.2.
2.3.2. Reduction of hydrazones with complex hydrides
Exploring properties of complex hydrides revealed a lot of new possible
synthetic transformations. Among them was a convenient reduction of -CH=Nbond of hydrazones to corresponding hydrazines.
For example, reduction of tert-butyl benzalcarbazate ((C), Scheme 47) with
of LiAlH4 in dry diethyl ether was reported. The hydrazone (C) was obtained by
reacting BocNHNH2 ((A), Scheme 47) with benzaldehyde ((B), Scheme 47) in
ethanol. Subsequently, hydrazone (C) was reduced by 1.1 eq of LiAlH4 in dry
diethyl ether. N-Boc-N’-benzylhydrazine ((D), Scheme 47) was purified by
vacuum destillation and the pure product was obtained in 62 % yield (Scheme
47). [111]

Scheme 47. Synthesis and reduction of tert-Butyl Benzalcarbazate with LiAlH4.
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Also, reduction of 1,2,5-trimethyl-4-piperidinone acetylhydrazone ((A), Scheme 48) with 2 eq of NaBH4 in water over the periood of 25 hours was reported.
Vacuum destillation of the obtained crude product afforded the desired 1-acetyl2-(1,2,5-trimethyl-4-piperidinyl)hydrazine ((B), Scheme 48) in 80 % yield.
[112]

Scheme 48. Reduction of 1,2,5-trimethyl-4-piperidine acetylhydrazone with NaBH4.

An another example of reductive alkylation used DIBAL in reduction step.
Tert-Butylcarbazate (Boc-NHNH2) ((A), Scheme 49) was condensated with 1.1
eq of propanal at room temperature using toluene as solvent. Yield of hydrazone
((B), Scheme 49) was almost quantitative. For the reduction step, hydrazone
(B) was dissolved in THF, cooled to -78 oC and treated with 2 eq of DIBAL.
The desired N-Boc-N’-propylhydrazine ((C), Scheme 49) was obtained in
91 % yield (Scheme 49). [113]

Scheme 49. Reduction of hydrazone with DIBAL.

Recently, an effective reduction of aliphatic N-protected hydrazones with
NaBH3CN in the presence of equimolar amount of AcOH was reported. The
desired hydrazones were obtained via condensation of FmocNHNH2 ((A),
Scheme 50) with formaldehyde, acetone, 2-methylpropanal, 3-(N-alkyloxycarbonylamino)propanal and glyoxalic acid in refluxing etnahol. Subsequent
reduction was performed by NaBH3CN in the presence of AcOH. Complexes
with boron were decomposed by refluxing the crude mixture in ethanol. [28]
The general reaction scheme, reaction conditions and yields of the protected
alkylhydrazines ((B) and (C), Scheme 50) are depicted on Scheme 50.
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Scheme 51. Synthesis of Ddz-protected monoalkylhydrazines.

Recently, reduction of acetone N-Boc protected hydrazone with NaBH3CN in
acidic media was described. It s very important to mention, that in this case
treatment of the crude mixture with 1 M NaOH can be used for decomposing
the formed boron adducts. The required N-Boc-N'-isopropylhydrazine was obtained in 75 % yield. The same authors reported that their attemts to synthesize
N-Boc-N'-methylhydrazine by reduction of formaldehyde N-Boc hydrazone
were unsuccessful. [109]
As it can be seen from the above mentioned information, reduction of hydrazones with NaBH3CN in acidic media is one of the most preferred methods for
preparation of monoprotected monoalkylhydrazines. This can be explained by
several special advantages of NaBH3CN. Firstly, this reagent reduces iminium
salts and imines much faster than carbonyl compounds and this property makes
it very selective reagent for reductive alkylation. [114] Secondly, NaBH3CN
tolerates protic solvents and acidic conditions. [114] Thirdly, this reductant does
not reduce amide-, ether-, nitrile- and nitro groups. [115] The main disadvantage of NaBH3CN is its toxicity and possible formation of highly toxic
byproducts such as NaCN and HCN.
At the same time, reductive alkylation is complicated by some drawbacks.
Firstly, this method is limited by availability of carbonyl compounds. For
example, difficulties were encountered during preparation of the Fmoc-aza-Asp
precursors from glyoxilic acid, [28] and direct alkylation of correspoding
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monoporotected hydrazine was much more preferable (see 2.2.2.4). Secondly,
application of the method is limited by stability of the carbonyl compound. For
example, if carbonyl compound contains nucleophilic groups such as -NH2, it is
very prone to undergo self-condensation. Due to this problem such carbonyl
compounds are usually available in protected form (ex. as acetals). At the same
time, use of protecting groups requires additional synthetic steps for deprotection. For example, synthesis of Fmoc-aza-3-Arg(Boc)2 precursor started
from 3,3-diethoxypropylamine ((A), Scheme 52). Afterwards the -NH2 group
was protected with Boc group followed by deprotection of the carbonyl group
in aqueous AcOH. The obtained aldehyde ((C), Scheme 52) was condensated
with Fmoc-NHNH2 and reduced with NaBH3CN to orthogonally protected
Fmoc-aza-Orn(Boc) precursor ((D), Scheme 52). [95]

Scheme 52. Preparation of aldehyde from acetal and reductive alkylation of Fmoc-NHNH2.

At the same time, difficulties with hydrolysis of 3-(di-Boc)guanidinopropanal
diethyl acetal ((E), Scheme 53) were faced. Indeed, all the attempts to hydrolyze the acetal in a mixture of AcOH/H2O were completely unsuccessful. The 3(di-Boc)guanidinopropanal was obtained via oxidation of 3-(di-Boc)guanidinopropanol ((F), Scheme 53) with Dess-Martin reagent (yield 82 %) and also via
reduction of Weinreb amide ((D), Scheme 53) with LiAlH4 (yield 33 %).
Condensation of the aldehyde with Fmoc-NHNH2 followed by the subsequent
reduction with NaBH3CN proceeded without complications and gave product
((H), Scheme 53) in 63 % yield. [116]
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Scheme 53. Synthesis of Fmoc-aza-Arg precursor.

2.3.3. Reduction of hydrazones with BH3 complexes
BH3 can form donor-acceptor complexes with different compounds bearing a
heteroatom with electron pair (amines, THF, dimethyl sulfide, pyridine etc.).
Many of these complexes have found different synthetic applications being
applied as powerful, mild and selective electrophilic reductants. For example,
BH3 complexes are good reagents for reduction of carboxylic acids, aldehydes,
ketones, amides, imines and nitriles in the presence different functional groups
such as nitro, ester, lactone, carbamate groups and halogen substituents. [117]
BH3 complexes have also been applied for reduction of different hydrazones.
For example, acetophenone N-Boc hydrazone ((A), Scheme 54) was reduced by
2 eq of BH3-THF complex in dry THF and afforded corresponding hydrazine
((B), Scheme 54) in 85 % yield. At the same time, reduction of the same hydrazone by hydrogenation over Pd(10 %)/C catalyst in 95 % EtOH at pressure of
45–50 psi afforded hydrazine in 94 % yield. [118] The described results prove,
that reduction of hydrazones with borane-THF complexes can be exploited
instead of hydrogenation.

Scheme 54. Reduction of Boc protected hydrazone with BH3-THF copmlex.
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Not a long time ago reduction of unconjugated and α,β-unsaturated acylhydrazones was reported. For example, hexanal acetylhydrazone ((A), Scheme 55)
and cynnamaldehyde acetylhydrazone ((B), Scheme 55) were reduced at 0 oC
by 1.6 eq of BH3-NH(CH3)2 complex in the presence of 6 eq of TsOH and using
DCM/CH3OH mixture as a solvent (Scheme 55). During optimization of this
reaction authors tested methanolic HCl, acetic acid and aqueous HCl as acidic
agents. As a result, several disadvantages of each acid were revealed. For
example, reduction with BH3-NH(CH3)2 in the presence of methanolic HCl
required preparation of titrated HCl solutions and high dilution of the reaction
mixture. Experiments with AcOH were not successful. Application of aqueous
HCl on the small scale gave the same results as methanolic HCl, however, if
performed on larger scale, reduction in the presence of aqueous HCl gave
significantly lower yields. TsOH turned out to be the best option because of its
good solubility in different solvents, cheapness and strength. The desired acetylhydrazines ((C) and (D), Scheme 55) were obtained in very good yields. [119]

Scheme 55. Reduction of acetylhydrazones with BH3-N(CH3)2.

In addition to the above mentioned applications, BH3-N(CH3)3 complexes were
successfully used for reduction of different hydrazones. Borane-amine complexes are stable towards acids and can be used for reduction in the presence of
acid excess. For reduction step 1 eq of aldehyde or ketone dimethylhydrazone
((A), Scheme 56) and 1 eq of BH3-N(CH3)3 were dissolved in toluene and the
obtained solution was saturated with gaseuos HCl for 30 min (Scheme 56). The
obtained precipitate was filtered out and was a pure hydrazine hydrochloride.
This method was used for reduction of different hydrazones of different aldehydes and ketones (ex. Acetophenone, benzaldehyde, 4-nitrobenzaldehyde, propanal, 3-formylpyridine etc.). The yields of corresponding hydrazines ((B),
Scheme 56) varied from excellent to almost quantitative. [120] The authors also
reported that reduction of benzaldehyde dimethylhydrazone with BH3-N(CH3)3
in acetic acid media gave large amount (76 %) of 1-acetyl-2-benzyl-2,2dimethylhydrazine and 13 % of 1-benzyl-1-ethyl-2,2-dimethylhydrazine.
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Application of strong acid allowed to protonate hydrazone completely, to
greatly improve selectivity of the reduction step and to obtain hydrazines in the
form of stable and safe to handle hydrochlorides. [120]

Scheme 56. Reduction of hydrazones with BH3-N(CH3)3.
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3. AIMS OF THE STUDY
1) To develop alternative and more convenient approach for the synthesis of
Fmoc-NHNH(CH2)3-NHC=N(Boc)NH(Boc) (aza-Arginine precursor).
2) To develop procedure and optimize conditions for direct alkylation of
alcoxycarbonyl-protected hydrazines with halogenomethylarenes in order to
prepare aza-phenylalanine, aza-tyrosine and aza-tryptophan precursors in
one step and to avoid precious metal catalyzed hydrogenation of corresponding hydrazones.
3) To prepare previously unknown Fmoc- and Boc-protected aza-Methionine
precursors from commercially available 2-methylthioacetaldehyde dimethylacetal.
4) To study scope and limitations of the one-pot synthesis of alcoxycarbonylprotected monoalkylhydrazines from acetals and ketals.
5) To develop procedure for effective reacting of protected hydrazines with
alkylhalogenides with rather low reactivity (ex. Alkyl chlorides).
6) To broaden applicability of the one-pot synthesis of protected monoalkylhydrazines from acetals to the synthesis of protected benzylhydrazines
without catalytic hydrogenation of hydrazones at elevated pressure.
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4. RESULTS AND DISCUSSION
4.1. Synthesis of aza-amino acid precursors via alkylation
of protected hydrazines
Arginine is structurally and functionally very important amino acid and therefore its replacement with aza-analoge in peptides and proteins is an interesting
challenge. However, two approaches reported in literature did not solve the
problems with synthesis of corresponding aza-arginine precursor. In the first
study attempt was made to introduce aza-arginine via introduction of azaornithine into the peptide sequence, deprotection of its side chain and
guanidilation of the primary NH2-group with N,N’-bis-Boc-1-guanylpyrazole.
[28] Secondly, synthesis of Fmoc-aza-Arg(Boc) precursor was accomplished by
reductive alkylation of Fmoc-NHNH2 with 3-(di-Boc)guanidylpropanal. The
required aldehyde was obtained by oxidation of 3-(di-Boc)guanidylpropanol
with Dess-Martin reagent. Another approach included conversion of 3-(diBoc)guanidylpropanoic acid to Weinreb amide and reduction of the latter
compound by LiAlH4. Attempts to hydrolize 3-(di-Boc)guanidylpropanal
diethyl acetal in aqueous AcOH were completely unsuccessful (see Scheme
53). [116]
Due to these difficulties a simple and convenient synthesis of FmocArg(Boc)2 precursor via direct alkylation of protected hydrazine was worked
out as the first task of the present study. For this synthesis, 3-bromopropylamine
was protected with Boc group and the obtained halogenide ((B), Scheme 57)
was used for alkylation of protected hydrazines ((A), Scheme 57). Alkylation
reaction was performed in NMP as in DMF formation of formylated side product RNHNHCOH took place. Also, 3 fold excess of monoprotected hydrazine
was used to suppress formation of the dialkylated products. Indeed, if 3-fold
excess of monoprotected hydrazine (A) was used, yields of monoalkylated
hydrazines ((C), Scheme 57) were around 60–70 % (Scheme 57). At the same
time, if equimolar amounts of bromide (B) and protected hyrazine (A) were
used, yield of the monoalkylated product (C) did not exceed 35 %.
Further, different orthogonal combinations of protecting groups were studied
in order to reveal the influence of hydrazine (A) and halogenide (B) protecting
groups. Alkylation was performed in NMP and 3-fold excess of the protected
hydrazine was taken. As a result, yields of the obtained monoalkylhydrazines
(C) revealed no significant effects on the alkylation reaction. The average yields
of the products (C) layed between 59–70 %. The only exception was observed
in the case of alkylation of Z-NHNH2 by N-Boc-3-bromopropylamine. The
alkylation of protected hydrazines with different bromides is summarized on
Scheme 57.
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Scheme 57. Alkylation of carbazates with N-protected 3-bromopropylamine.

Most of the obtained orthogonally protected alkylhydrazines can be used for
synthesis of aza-peptides. However, due to the selected Fmoc-strategy of peptide synthesis, the Fmoc-aza-Orn(Boc) precursor was modified further in order to
prepare Fmoc-aza-Arg(Boc)2 precursor.
This synthesis has 2 steps. At first, side chain of Fmoc-aza-Orn(Boc)
precursor ((A), Scheme 58) was deprotected by treatment with TFA in DCM
(2:1 mixture). Further, the obtained Fmoc-aza-Orn precursor was guanidilated
by reacting with N’,N’-di-Boc-N’’-Tf-guanidine in 1,4-DO in the presence 3 eq
of TEA as shown on Scheme 58. Yield of the Fmoc-aza-Arg(Boc)2 ((B),
Scheme 58) precursor was 66 %. [121]

Scheme 58. Modification of Fmoc-aza-Orn side chain.

The synthetic pathway described above is shorter, allows to avoid condensation
and reduction steps, does not require relatively expensive oxidizing reagents or
multi step synthesis of 3-(di-Boc)guanidylpropanal via Weinreb amide. A
detailed information about the syntheses can be found in Paper 1.
As the results of aza-arginine synthesis via alkylation of protected hydrazine
were positive, we were encouraged to broaden the applicability of direct
alkylation of protected hydrazines to the synthesis of aza-Phe, aza-Tyr and azaTrp precursors, which were previously obtained by precious metal catalyzed
hydrogenation of corresponding hydrazones of benzaldehyde, O-protected 4hydroxybenzaldehyde and N-protected indole-3-aldehyde. [28; 109; 111; 118;
81; 97]. Therefore it was decided to synthesise the aforementioned precursors
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via direct alkylation of protected hydrazines. Due to limited amount of information about direct alkylation of monoprotected hydrazines, this reaction
required detailed optimisation. To accomplish the task a systematic study of
benzylation of different carbazates (Fmoc-, Boc-, and Z-NHNH2) with different
benzylhalogenides (chloride, bromide and iodide) was performed. Effects of
different solvents, conditions and types of the applied bases were also studied
and described in Table 1 and Table 2.
Table 1. Benzylation of Fmoc-NHNH2.
Monoalkylated
hydrazine yield:

Experimental conditions:
3 eq of FmocNHNH2; 0.6 M DMF solution; 1 eq of Bn-Br;
70 oC; 12 h
2 eq of FmocNHNH2; 0.6 M DMF solution; 1.5 eq of DiPEA;
1 eq of Bn-Br; 70 oC; 13 h
2 eq of FmocNHNH2; 0.6 M DMF solution; 1 eq of Bn-Br; rt.; 11 h
2 eq of FmocNHNH2; 0.1 M DMF solution; 1 eq of benzyl bromide;
rt.; 12 h
3 eq of FmocNHNH2; 0.1 M DMF solution; 1 eq of Bn-Br;
70 oC; 12 h
1.5 eq of FmocNHNH2; 0.1 M ACN solution;
1 eq of Bn-Br; reflux 5 h
3 eq of FmocNHNH2; 0.1 M ACN solution; 1 eq of Bn-Br;
reflux; 11 h
2 eq of FmocNHNH2; 0.1 M CH3OH solution; 1 eq of Bn-Br;
reflux 3 h; 12 h at rt.
3.5 eq of FmocNHNH2; 0.1 M CH3OH solution; 1 eq of Bn-Cl;
reflux 4 h
4 eq of FmocNHNH2; 0.1 M EtOH solution; 1 eq of Bn-Br;
reflux 11 h.
3 eq of Fmoc-NHNH2; 0.1 M ACN solution; 1 eq of 2,4,6trimethylpyridine; 1 eq Bn-Br; 6 h reflux
4 eq of Fmoc-NHNH2; 0.1 M ACN solution; 1 eq of 2,4,6trimethylpyridine; 1 eq of Bn-I; reflux 12 h

*- dibenzylated product obtained in 64 % yield.
**- dibenzylated product obtained in 36 % yield.
***- dibenzylated product obtained in 40 % yield
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46 %
- (Fmoc removal
occurred)
26 % *
30 % **
43 %
36 %
45 % ***
21 %
14 %
61 %
68 %
74 %

Table 2. Benzylation of Boc-NHNH2 and Z-NHNH2.
Experimental conditions:
1 eq of BocNHNH2; 1 eq of Bn-Br; 0.75 M ACN solution; reflux 4 h.
2 eq of BocNHNH2; 1 eq of Bn-Br; 0.75 M NMP solution;
overnight at rt.
3.4 eq of BocNHNH2; 1 eq of Bn-Br; 2.3 M DMF solution; 70 oC; 5 h.
o

Monoalkylated
hydrazine yield
(%):
13 %
14 %
63 %

3 eq of BocNHNH2; 1 eq of Bn-Br; 0.1 M DMF solution; 70 C; 11 h.
3 eq of BocNHNH2; 1 eq of Bn-Br; 0.1 M CH3OH solution; reflux 5 h.

70 %
11 %

4 eq of BocNHNH2; 1 eq of Bn-Br; 0.1 M EtOH solution; reflux 6 h.
4 eq of BocNHNH2; 1 eq of Bn-I; 0.1 M ACN solution; 1.3 eq of 2,4,6trimethylpyridine; reflux 13 h.
4 eq of BocNHNH2; 1 eq of Bn-Br; 0.1 M ACN solution; 1.3 eq of 2,4,6trimethylpyridine; reflux 11 h.
3 eq of ZNHNH2; 1 eq of Bn-Br; 0.1 M ACN solution; reflux 6 h.

57 %
75 %
79 %
64 %

As can be seen in Table 1 and Table 2, if equimolar mixture of protected
hydrazine and benzyl halogenide or 2 fold excess of protected hydrazine is
alkylated with benzyl halogenide, relatively poor yields of monoalkylated
hydrazine are obtained and dialkylated hydrazine is obtained as a main product.
This is explained by the fact that alkyl group increases the nucleophilicity of
already alkylated product and second alkylation proceeds at the same N-atom,
as was described in 2.2.1. Due to this obstacle, at least 3-fold excess of
hydrazine was used in the following experiments. Additionally, it was noticed
that application of the suitable weak base helps to increase the yield of the
monoalkylated product. It is important to emphasize that type of the suitable
base strongly depends on the properties of the hydrazine protecting group. For
example, weakly nucleophilic amines such as TEA or DiPEA can be effectively
used in combination with Boc- or Z-protecting group even at elevated temperatures. At the same time, attempts to benzylate Fmoc-NHNH2 at 70 oC in the
presence of 1.5 eq of DiPEA resulted in complete scission of the Fmoc-group.
In several papers about hydrazine alkylation it was mentioned that performing this reaction in alcohol helps to suppress excessive dialkylation of
hydrazine. [53, 62] In the present work 3 fold excess of Fmoc-NHNH2 and 4fold excess of Boc-NHNH2 was alkylated with Bn-Br in refluxing EtOH. As a
result, Fmoc-NHNH-Bn was isolated in 61 % and Boc-NHNH-Bn in 57 %
yield. Attempts to alkylate 3 eq of Boc-NHNH2 and 2 eq of Fmoc-NHNH2with
Bn-Br in refluxing CH3OH gave monoalkylated products with relatively poor
yields: Boc-NHNH-Bn was isolated in 11 % yield and Fmoc-NHNH-Bn in
21 % yield.
Attempts to alkylate Fmoc-NHNH2 with benzyl chloride in refluxing methanol gave the monoalkylated product in 14 % yield. At the same time, alkylation
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of Fmoc-, and Boc-NHNH2 with 4-fold excess of Bn-I in ACN gave almost the
same yields of monobenzylated products in 74 % (Boc-NHNH-Bn) and 75 %
(Fmoc-NHNH-Bn) yields.
In general, the best yields were obtained in ACN as a solvent (0.1 M solution
of starting hydrazine) using Bn-Br and Bn-I as alkylating reagents in the
presence of 1–1.3 eq of 2,4,6-trimethylpyridine. The optimized conditions were
applied for synthesis of aza-Tyr and aza-Trp precursors. The required bromides
were prepared from corresponding O-, and N-protected 4-hydroxybenzaldehyde
((B), Scheme 59) and indole-3-aldehyde by reduction of aldehydes to alcohols
(ex. (C), Scheme 59), followed by bromination with PBr3 in DCM. It is important to mention that 1-(tert-Butyloxycarbonyloxy)-4-(bromomethyl)benzene
and 1-(benzyloxy)-4-(bromomethyl)benzene ((D), Scheme 59) decomposed
during storage at low temperatures and should be consumed after their preparation. Yields of the protected monoalkylhydrazines ((E), Scheme 59) were
in the range of 36–61 %. The synthesis can be illustrated by preparation of the
protected aza-Tyr precursors as shown on Scheme 59.

Scheme 59. Synthesis of N-(Fmoc/Boc) aza-Tyr-O(Boc/Bn) precursors.

Synthesis of Fmoc/Boc-aza-Trp(Z) precursor started from formylation of indole
by Vilsmeyer reagent (POCl3/DMF), followed by protection of NH group with Z
protecting group. Subsequent reduction was accomplished by NaBH4 in methanol
followed by conversion of alcohol to bromide by PBr3 in DCM in the presence of
TEA and NaHCO3. The obtained bromide was used for alkylation of FmocNHNH2 and Boc-NHNH2. Monoalkylated products were obtained in 43 %
(alkylation of Fmoc-NHNH2) and in 56 % (alkylation of Boc-NHNH2) yield.
An alternative synthesis of 1-(tert-Butyloxycarbonyloxy)-4-(bromomethyl)benzene and N-Boc-3-(bromomethyl)indole via free radical bromination of 1-(tertButyloxycarbonyloxy)-4-methylbenzene and N-Boc-3-methylindole using
NBS/AIBN in refluxing CCl4, [122] was not successful. For example, attempt to
brominate methyl group of the N-Boc-3-methylindole resulted in complete
degradation of the reaction mixture. A more detailed information as well as
spectral and analytical data can be found in Paper 3.
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Summing up, the optimal conditions for alkylation of monoprotected hydrazines with benzylic halogenides were found and the developed method was
successfully applied for synthesis of different aza-amino acid precursors.

4.2. Potassium iodide catalysis in alkylation of
protected hydrazines
It was found in our previous studies that application of benzyl chloride gave one
of the poorest yields of monobenzylated hydrazine. At the same time, the best
yields of protected monoalkylhydrazines were obtained if benzyl bromide and
benzyl iodide were used as alkylating reagents. Application of alkyl iodides is
often limited by their instability, these compounds tend to decompose during
prolonged storage and, finally, iodides are not readily commercially available.
Due to this obstacles possibility of in situ generation of alkyl iodides from
less reactive alkyl halogenides was studied, using readily available inorganic
iodides such as NaI or KI. Inorganic iodide catalysis was previously applied for
the synthesis of different organic compounds, [123–124] but there is no information about applicability of inorganic iodides for alkylation of protected
hydrazines.
It was found in the present study that addition of a catalytic amount of KI
(0.1 eq) to the reaction mixture containing monoprotected hydrazine, halogenide (chloride or bromide), suitable base and ACN as a solvent, greatly improved the alkylation of protected hydrazines. At first, KI catalysis was applied
for alkylation of Fmoc-, Boc-, Z-, and Bz-protected hydrazines with 1-(tertButyloxycarbonyloxy)-4-(bromomethyl)benzene ((C), Scheme 60) prepared via
radical BzOOBz initated bromination of 1-(tert-Butyloxycarbonyloxy)-4(methyl)benzene ((B), Scheme 60). The obtained bromide was applied for
alkylation of the hydrazines and the yields of monoalkylated products ((D),
Scheme 60) were 49–59 %.

Scheme 60. Aza-Tyr precursors from p-cresole.
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Further, the KI catalysis was applied for preparation of different alkylhydrazines. Namely, alkylation of Fmoc-, Boc-, and Z-NHNH2 ((A), Scheme 61) was
studied using Bn-Cl, Bn-Br, 4-methoxybenzyl chloride, methyl bromoacetate,
tert-Butyl bromoacetate and ethyl chloroacetate as alkylating reagents. At first,
benzylation of hydrazines was studied using 3 benzyl halogenide ((B), Scheme
61) and the results of the experiments clearly proved that application of KI
allows to react protected hydrazines (A) with halogenides of rather low reactivity (such as chlorides) and nearly equal yields are obtained in the experiments
with Bn-Br and Bn-Cl (B) after 5 hour long refluxing. However, in the case of
alkylation of protected hydrazines (A) with Bn-Cl (B) in the abscence of KI
only traces of monoalkylhydrazines ((C), Scheme 61) were obtained after 6
hour long refluxing and 21–55 % of the monoalkylated product (C) after 24
hours of refluxing (Table 3; Scheme 61).
The same trend was observed in the case of alkylation with 4-methoxybenzyl
chloride (B) (Table 3; Scheme 61). The desired 4-methoxybenzyl hydrazines
(C) were obtained in 46 % yield (alkylation of Fmoc-NHNH2) and 61 %
(alkylation of Boc-NHNH2). Attempts to perform the same reactions without KI
gave only 13–27 % of monoalkylated hydrazines after 24 hours of refluxing.
Table 3. KI catalyzed benzylation vs. non-catalyzed benzylation of protected hydrazines.
Reaction conditions:

3 eq of Fmoc-NHNH2, 1.5 eq of 2,4,6-trimethylpyridine, 1 eq of
Bn-Br, 0.1 eq of KI, 0.1 M solution in ACN, reflux 5 h.
3 eq of Boc-NHNH2, 1.5 eq of 2,4,6-trimethylpyridine, 1 eq of
Bn-Br, 0.1 eq of KI, 0.1 M solution in ACN, reflux 5 h.
3 eq of Boc-NHNH2, 1.5 eq of 2,4,6-trimethylpyridine, 1 eq of
Bn-Cl, 0.1 eq of KI, 0.1 M solution in ACN, reflux 5 h.
3 eq of Fmoc-NHNH2, 1.5 eq of 2,4,6-trimethylpyridine, 1 eq of
Bn-Cl, 0.1 eq of KI, 0.1 M solution in ACN, reflux 6 h.
3 eq of Z-NHNH2, 1.5 eq of DiPEA, 1 eq of Bn-Cl, 0.1 eq of KI,
0.1 M solution in ACN, reflux 6h.
3 eq of Boc-NHNH2, 1.5 eq of DiPEA, 1 eq of Bn-Cl, 0.1 eq of
KI, 0.1 M solution in ACN, reflux 6h.
3 eq of Boc-NHNH2, 1.5 eq of DiPEA, 1 eq of Bn-Cl, 0.1 M
solution in ACN, reflux 24 h.
3 eq of Fmoc-NHNH2, 1.5 eq of 2,4,6-trimethylpyridine, 1 eq of
Bn-Cl, 0.1 M solution in ACN, reflux 24 h.
3 eq of Z-NHNH2, 1.5 eq of DiPEA, 1 eq of Bn-Cl, 0.1 M
solution in ACN, reflux 24 h.
3 eq of Boc-NHNH2, 1.5 eq of DiPEA, 1 eq of 4-methoxybenzyl
chloride, 0.1 M solution in ACN, 0.1 eq of KI, reflux 6 h.
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Yield of
monoalkylated
hydrazine (%):
68 %
71 %
77 %

49 %
53 %
65 %
55 %
22 %
21 %
61 %

Reaction conditions:

Yield of
monoalkylated
hydrazine (%):

3 eq of Z-NHNH2, 1.5 eq of DiPEA,1 eq of 4-methoxybenzyl
chloride, 0.1 M solution in ACN, 0.1 eq of KI, reflux 6 h.
3 eq of Fmoc-NHNH2, 1.5 eq of 2,4,6-trimethylpyridine, 1 eq of
4-methoxybenzyl chloride, 0.1 M solution in ACN, 0.1 eq of KI,
reflux 6 h.
3 eq of Boc-NHNH2, 1.5 eq of DiPEA, 1 eq of 4-methoxybenzyl
chloride, 0.1 M solution in ACN, reflux 24 h.
3 eq of Z-NHNH2, 1.5 eq of DiPEA,1 eq of 4-methoxybenzyl
chloride, 0.1 M solution in ACN, reflux 24 h.
3 eq of Fmoc-NHNH2, 1.5 eq of 2,4,6-trimethylpyridine, 1 eq of
4-methoxybenzyl chloride, 0.1 M solution in ACN, reflux 24 h.

49 %
46 %
27 %
18 %
13 %

Scheme 61. KI catalyzed benzylation of protected hydrazines.

In the following experiments the effect of KI catalysis on alkylation of protected hydrazines with halogenoacetic acid esters was studied. In these experiments equimolar mixture of protected hydrazine ((A), Scheme 62) and halogenoacetic acid ester ((B), Scheme 62) was refluxed in the presence of 0.1 eq of
KI and 1.5 eq of suitable base (DiPEA or 2,4,6-trimethylpyridine). The yields of
monoalkylated products ((C), Scheme 62) were 54–88 % (alkylation by methyl
and t-Butyl bromoacetate). At the same time, application of ethyl chloroacetate
gave 40–50 % of monoalkylated hydrazines after 24 hour refluxing in the
presence of 0.1 eq of KI (Scheme 62). Control experiments with ethyl chloroacetate in the same conditions without KI afforded only 15–20 % of monoalkylated product after 24 hour long refluxing.
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Scheme 62. KI catalyzed synthesis of aza-Asp precursors.

In summary, the methods listed above allow to alkylate protected alkylhydrazines with reagents of relatively low reactivity (chlorides), to improve the
reaction times and yields. Detailed descriptions of these synthetic procedures, as
well as spectral and analytical data are given in Paper 5.

4.3. One-pot synthesis of protected alkylhydrazines from
protected carbonyl compounds
The only attempt to obtain aza-methionine containing aza-dipeptide included
reaction of Fmoc-Lys(Boc)-CONHNH2 with 2-methylthioacetaldehyde, followed by reduction of the formed hydrazone. The desired 2-methylthioacetaldehyde was synthesized from commercially available 2-methylthioacetaldehyde dimethyl acetal by hydrolysis of the acetal group. [27] In general, presence of a nucleophilic groups or heteroatoms in the molecule of the carbonyl
compound destabylize aldehyde or a ketone and makes it prone to undergo selfcondensation. This problem can be solved by protection of the carbonyl group,
which, in its turn, requires additional deprotection steps. For example, synthesis
of Fmoc-aza-3-Arg(Boc)2 precursor started from 3,3-diethoxypropylamine.
The aminoacetal was Boc-protected and acetal group was hydrolyzed in AcOH/
H2O mixture (Scheme 52). [95]
To overcome additional hydrolysis step, a convenient one-pot synthesis of
Fmoc-, and Boc-protected aza-methionine precursors was developed. This
approach allowed to effeciently condensate protected hydrazines ((A), Scheme
63) with 2-methylthioacetaldehyde dimethyl acetal ((B), Scheme 63) without
separate preparation of the appropriate aldehyde. Condensation reaction was
conducted in refluxing ethahol, containing 10 % of water, equimolar amounts of
protected hydrazine and acetal and 0.05–0.13 eq of TFA. The amount of the
applied TFA strongly depends on the properties of the protecting group. Thus,
0.05 eq of TFA was used in the experiments with Boc-NHNH2 and in the case
of acid stable Fmoc-NHNH2 significantly larger amounts of TFA (0.13 eq) can
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be applied. The resulted hydrazones ((C), Scheme 63) were isolated in nearly
quantitive yields by simple evaporation of the reaction mixture and this procedure could be applied for preparation of different hydrazones from protected
carbonyl compounds.
The desire to skip separation of the hydrazone and solvent exchange resulted
in transformation of the condensation with acetal into a one-pot synthesis.
According to the modified procedure, reduction step was carried out by addition
of NaBH3CN and AcOH to the reaction mixture at room temperature. After
completion of the reduction reaction, the neutralized reaction mixture was
heated to reflux in order to decompose the boron adduct (Scheme 63). [125]
The yield of Fmoc-, and Boc-protected aza-Methionine precursors ((D), Scheme 63) was good (Boc-protected precursor) and quantitative (Fmoc-protected
precursor).

Scheme 63. Synthesis of Fmoc/Boc-aza-methionine precursors from 2-methylthioacetaldehyde dimethyl acetal.

It is important to mention that in the case of 2 step synthesis of Fmoc-aza-Met
precursor condensation and subsequent reduction proceeded with almost quantitative yields. At the same time, one-pot syntesis of the same precursor gave
corresponding hydrazine with almost 2 times lower yield. This could be caused
by low solubility of Fmoc-protected hydrazone (C) in ethanolic reaction mixture or by partial Fmoc scission during refluxing of the reaction mixture containing NaHCO3 residues. The detailed procedures for preparation of 2methylthioacetaldehyde N-protected hydrazones (C) and N-protected N’-(2methylthio)ethylhydrazines (D) together with spectral and analytical data can be
found in Paper 2.
The one-pot synthetic method described above turned out to be very promising and was explored in the following study about the scope and limitations
of the one-pot synthesis (Paper 4). For this purpose a set of aza-amino acid
precursors and related compounds carrying Fmoc and Z protecting groups ((C),
Scheme 64) was prepared. Acetals and ketals carrying sulfide, ether, nitrile,
carbamate, amide and branched, cyclic and unbranched alkyl groups were used
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as electrophilic compounds ((a-m); Table 4; Scheme 64). Condensation was
carried out in ethanol containing 90 % of water and in the presence of 0.05 eq of
TFA. The obtained hydrazones ((B), Scheme 64) were reduced by NaBH3CN in
the presence of equimolar amount of AcOH. During the present study was
found that neutralisation of the reaction mixture with NaHCO3 (Paper 2) is not
necessary. Also, basic conditions, caused by decomposition of the NaHCO3 to
more basic Na2CO3 could easily cleave the base-sensitive Fmoc groups. Additionally, decomposition of the formed boron adduct, [125] by simple refluxing
of the reaction mixture proceeded very slowly in several cases. Decomposition
of the boron adducts by treatment of the reaction mixture with 1.5 % HCl was
found to be very effective and can be used in combination with all the acidstable groups. However, previously reported refluxing of the reaction mixture
should be exploited in the case of acid-labile groups such as Boc.

Scheme 64. One-pot synthesis of protected hydrazines.

It was found that this method works perfectly in combination with protected
carbonyl compounds containing sulfide, ether, nitrile, carbamate, amide as well
as branched and cyclic alkyl groups (acetals a, b, d, g, h, i, l, m) (Table 4).
Yields of the protected monoalkylhydrazines ((C), Scheme 64) were 62–98 %
(Table 4). However, several limitations of the procedure were also revealed.
Namely, the procedure was not efficient in combination of primary and
secondary amino groups (acetals e and f) or Boc-protected amino group (acetal
j) and unsaturated bonds (acetal k) were involved (Table 4). Additionally,
acetaldehyde hydrazones, generated from acetal (h) tended to decompose back
to starting materials if reduction was carried out in the protic media. Yield of
the protected hydrazines did not exceed 20 % and THF was found to be the
most preferable solvent for reduction of these hydrazones. At the same time, reduction of hydrazones with branched or cyclic alkyl groups afforded good
yields of hydrazines in ethanol (Table 4). Some more detailed information
about this study can be found in Paper 4.
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Table 4. One-pot synthesis of protected hydrazines from acetals and ketals.
R’

R-NHNH2

R’’

a
b
c
d
e
f
g
h

-CH2SCH3
-(CH2)2CN
-(CH2)2Cl
-CH2OBn
-CH2NHCH3
-CH2NH2
-CH2NHCbz
-CH3

-CH3
-CH3
-CH2CH3
-CH2CH3
-CH3
-CH3
-CH3
-CH2CH3

i
j
k
l
m

-CH2NHBz
-CH2NHBoc
-CH=CH2
-(CH3)2
-(CH2)5-

-CH3
-CH3
-CH2CH3
-CH3
-CH3

R = Fmoc

R = Cbz

Yield: 98%
Yield: 62%
a)
Yield 67%
(Fmoc scission)
(Fmoc scission)
Yield 70%
Yield 74% in
THF.<20%in EtOH
Yield: 86%
b)
c)
Yield: 77%
Yield: 72%

Yield: 67%
Yield: 76%
a)
Yield 65%
(No reaction)
(No reaction)
Yield: 63%
Yield 66 % in
THF.<20%in EtOH
Yield: 80%
b)
c)
Yield: 64%
Yield: 87%

a) Formation of alkylated products and subsequent decomposition of the reaction
mixture.
b) Only trace amounts of the hydrazone were detected, as Boc removal by TFA
occurred.
c) Only trace amounts of the hydrazone were formed.

The encouragemet from the excellent results of the one-pot synthesis of protected hydrazines (Paper 2 and Paper 4) and extensive research on the
synthesis of protected benzylhydrazines described above and in Paper 3 and
Paper 5 gave an idea to extend the one-pot synthesis to preparation of protected
benzylhydrazines. In this study (Paper 6) a set of 5 hydrazines, monosubstituted with Fmoc, Z, Bz, 3-NO2-Bz-, and 3,4-(OCH3)2Bz groups ((A), Scheme
65) was reacted with benzaldehyde dimethyl acetal and 2-bromo- and 3-bromobenzaldehyde diethyl acetals ((a-c), Table 5 and Scheme 65). The condensation
step was carried out in 90 % EtOH, as was initially reported in Paper 2.
However, in this study the previosly exploited volatile TFA (one-pot syntheses
described in Paper 2 and Paper 4) was replaced with TsOH. Application of a
solid and strong TsOH allowed to overcome difficult dosing of the small
amounts of a volatile TFA.
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Scheme 65. One-pot synthesis of protected benzylhydrazines from acetals.
Table 5. One-pot synthesis of protected benzylhydrazines from acetals.
R’

R’’

RNHNH2
R=
Fmoc

R=
Cbz

R = Bz

R = 33,4NO2Bz (OCH3)2Bz

a

Ph

-CH3

92 %

65 %

93 %

61 %

92 %

b

2-BrPh

-CH2CH3

78 %

71 %

79 %

79 %

73 %

c

3-BrPh

-CH2CH3

56 %

51 %

74 %

91 %

90 %

Due to the conjugated nature of the obtained hydrazones ((B), Scheme 65),
BH3-THF complex was used in the reduction step. This modification required a
solvent exchange to THF as BH3-THF complex rapidly decomposes in ethanol
and other protic medias. The yields of the obtained alcoxycarbonyl- and acyl
substituted benzylhydrazines ((C), Scheme 65) were good to excellent (Table
5). The developed method allows to effeciently synthesize hydrazones from
benzaldehyde acetals, protected hydrazines and carboxylic acid hydrazides.
Also, the reported procedure allowed to effeciently reduce the obtained conjugated hydrazones without the need for precious metal catalyzed hyrogenation.
Detailed synthetic procedure and all the spectral data can be found in Paper 6.

4.4. Synthesis of aza-amino acid precursors
In the overview of synthetic methods for preparation of alkylhydrazines given
in II, the most common and general synthetic approaches to the protected
monoalkylhydrazines (aza-amino acid precursors) were briefly bescribed. In
this part a systematic overview of the aza-amino acid precursors including the
latest methods and procedures developed during the current research (Paper 1 –
Paper 6) will be given. Due to a great amount of the possible protecting groups
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direct alkylation with esters of halogenoacetic and propanoic acid were
successfully applied for the synthesis of aza-Asp, [28; 82; 98; 127] and aza-Asn
precursors. [82] Additionally, Fmoc-aza-Glu(tBu) precursor was prepared via
alkylation of hydrazine with tert-Butyl acrylate (2.2.2.4; Scheme 39). [99]
At the same time, α-aza-Ser, Thr and Cys have aminal-like structure and are
unstable. [28; 109] Additionally, there is no literature information about precursor of aza-His. Also, by the beginning of 2014 there was no information
about aza-Methionine precursor and, as it was mentioned previously, syntheses
of several aza-amino acid precursors required optimization and more convenient
approaches.
All the new methods and alternative synthetic routes to previously reported
compounds, as well as synthesis of previously unknown aza-Methionine precursors are referred as [This work] (Table 6).
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5. CONCLUSIONS
Current thesis describes a new and convenient synthetic procedures for preparation of aza-amino acid precursors and structurally related alkylhydrazines.
These compounds are required for preparation of aza-peptides and different
biologically active compounds.
Firstly, an alternative and convenient synthesis of Fmoc-aza-Arg(Boc)2
precursor via direct alkylation of monoprotected hydrazine was developed.
Effects of hydrazine and 3-bromopropylamine protecting groups were studied
as well as the most suitable ratio of the reagents was found for these reactions.
Secondly, conditions for benzylation of alcoxycarbonyl protected hydrazines
were optimized in terms of the applicable solvents, bases, electrophilicity of the
alkylating agents, and ratio of reagents in the reaction mixture. These optimal
conditions were used for preparation of variously protected aza-Tyr and aza-Trp
precursors.
Thirdly, potassium iodide (KI) catalyzed alkylation of the monoprotected
hydrazines was developed. This method is based on in situ generation of
reactive alkyl iodides from less reactive halogenides that improves the yields
and shortens the reaction time. The method was successfully validated by
synthesis of aza-Phe, aza-Asp and aza-Tyr precursors.
Fourthly, convenient and effective one-pot synthesis protocol for preparation
of protected alkylhydrazines from acetals and ketals was developed and applied
for preparation of Fmoc- and Boc-protected precursors of aza-methionine.
Further it was shown that the one-pot method is compatible with the majority of
functional groups such as ether, amide, sulfide, nitrile, carbamate and cyclic or
branched alkyl groups, while attempts to condensate hydrazines with acetals
and ketals containing halogenes, unsaturated double bonds, amino groups and
acid-sensitive protecting groups were not effecient.
Finally, applicability of the one-pot method was extended for preparation of
monoprotected benzylhydrazines. Due to conjugation of hydrazone double bond
with aromatic ring, BH3-THF complex was used in the reduction step of this
synthesis.
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SUMMARY IN ESTONIAN
α-asa-aminohapete prekursorite ja nendega sarnaste ühendite
valmistamine kasutades uudseid redutseeriva ühe-poti
alküülimise ja otsese alküülimise meetodeid
Käesolev dissertatsioon kirjeldab uusi ja mugavaid α-asa-aminohapete prekursorite ja nendega struktuurilt sarnaste alküülhüdrasiinide sünteesimeetodeid.
Sellised ühendid on tähtsad modifitseeritud peptiidide ja paljude bioloogiliselt
aktiivsete ühendite valmistamisel.
Esiteks, töötati välja alternatiivne otsest monokaitstud hüdrasiini alküülimist
kasutav Fmoc-asa-Arg(Boc)2 prekursori sünteesimeetod. Töö käigus uuriti hüdrasiini ja 3-bromopropüülamiini kaitserühmade efekte ning leiti antud reaktsiooni jaoks kõige sobivam reagentide suhe.
Teiseks, optimeeriti alkoksükarbonüül-kaitstud hüdrasiinide bensüülimise tingimusi, uurides kasutatavate solventide, aluste, alküülivate reagentide elektrofiilsuse ja reagentide koguste suhte mõju. Leitud optimaalsed tingimused olid
rakendatud erinevaid kaitserühmi kandvatate asa-Tyr ja asa-Trp prekursorite
sünteesis.
Kolmandaks, töötati välja kaaliumjodiidi (KI) poolt katalüüsitud kaitstud
hüdrasiinide alküülimise meetod. See meetod põhineb reaktsioonivõimeliste
alküüljodiidide genereerimisel väiksema reaktsioonivõimega halogeniididest in
situ ning võimaldab parandada saagiseid ja lühendada reaktsiooniaegu. Meetodi
efektiivsust tõestati asa-Phe, asa-Asp ja asa-Tyr prekursorite sünteesi käigus.
Neljandaks, loodi mugav kaitstud alküülhüdrasiinide ühe-poti sünteesimeetod atsetaalidest ja ketaalidest ning rakendati seda Fmoc-, ja Boc-kaitstud
asa-metioniini prekursorite sünteesiks. Järgnevalt näidati, et ühe-poti meetod on
edukalt kasutatav enamuse põhiliste funktsionaalrühmade korral nagu eeter,
amiid, sulfiid, nitriil, karbamaat, tsükliline ja hargnenud alküülrühm. Samal ajal
hüdrasinide kondensatsiooni katsed halogeene, küllastamata kaksiksidemeid,
aminorühmasid ning happetundlikke kaitserühmi sisaldavate atsetaalidega ja
ketaalidega ei olnud edukad.
Lõpetuseks, ühe-poti sünteesi meetodi rakendatavust laiendati monokaitstud
bensüülhüdrasiinide sünteesile ja see meetod optimeeriti. Moodustunud hüdrasooni kaksiksideme aromatase tuumaga konjugatsiooni tõttu kasutati redutseerijana BH3-THF kompleksi.

75

ACKNOWLEDGEMENTS
First of all, I would like to greatly thank my supervisor professor Jaak Järv! He
is the person who introduced me to the fascinating world of science and allowed
me to work in the field organic synthesis. I am very grateful to him for
supporting me and my ideas during all the years of my work!
Also, I would like to thank my first supervisor Ksenija Kisseljova for her
patience, inspirational hard working and teaching me the main theoretical and
practical skills of organic and peptide synthesis!
I wish to thank my supervised students Aleksander, Siret, Jane and Kati for
their hard work and interest in organic synthesis and chemistry!
I am grateful to Tõiv Haljasorg, Anneli Kruve and Karin Kipper for measuring MS spectrums! Also, I would like to thank all the colleagues from the
Institute of Chemistry, Pharmasynth AS, and TBD-Biodiscovery OÜ for their
advices and collaboration during these years.
Special thanks to my family and my friends for their love, understanding,
constant support and believing in me! Without you this work would never be
done!
Finally, I am very grateful to late prof. J.-P. Anselme for his very valuable
comments about our project! His advices helped us to turn the initial short
report about preparation of two aza-methionine precursors into a broadly
applicable synthetic method!
Huge-huge thanks once again!

76

PUBLICATIONS

CURRICULUM VITAE
Name:
Anton Mastitski
Born:
September 22, 1990, Tartu, Estonia
Citizenship: Estonian
Marital status: Single
Address:
University of Tartu, Institute of Chemistry,
Ravila 14a, 50411, Tartu, Estonia
E-mail:
anton.mastitski@gmail.com
Education:
1997–2009
2009–2012
2012–2014
2013
2014– …
Employment:
2012–...
2016–2017
2014–2015
2013–2013
2012–2013
2010–2012

Tartu Annelinna high school (silver medal)
University of Tartu; BSc
University of Tartu; MSc (Cum laude)
Study assistants courses
University of Tartu; PhD student
Pharmasynth AS, Chemist (0,60)
SA Innove, Complier of the chemistry e-tasks (0,20)
TBD Biodiscovery OÜ, Chemist (0,60)
University of Tartu, Institute of Chemistry, Chemist (0,50)
University of Tartu, Institute of Chemistry, Laboratory
Assistant (0,50)
Tartu Annelinna high school, Supervisor of the school
chemistry club (0,10)

Scientific publications:
1) Arujõe, M.; Ploom, A., Mastitski, A.; Järv, J. (2018). Influence of steric
effects in solid-phase aza-peptide synthesis. Tetrahedron Lett. [forthcoming].
2) Mastitski, A., Niinepuu, S., Haljasorg, T., Järv, J., One-Pot Synthesis of Protected Benzylhydrazines from Acetals, Org. Prep. Proc. Int. [forthcoming].
3) Mastitski, A., Abramov, A., Kruve, A., Järv, J. (2017). Potassium iodide
catalysis in the alkylation of protected hydrazines. Proceedings of the
Estonian Academy of Sciences, 66 (1), 10−17.
4) Arujõe, M., Ploom, A., Mastitski, A., Järv, J. (2017). Comparison of various
coupling reagents in solid-phase aza-peptide synthesis. Tetrahedron Letters,
58 (35), 3421−3425.
5) Mastitski, A., Niinepuu, S., Haljasorg, T., Järv, J. (2015). One-pot synthesis
of protected alkylhydrazines from acetals and ketals. Method scope and
limitations. Organic Preparations and Procedures International, 47 (6),
490−498.
6) Mastitski, A., Haljasorg, T., Kipper, K., Järv, J. (2015). Synthesis of azaphenylalanine, aza-tyrosine, and aza-tryptophan precursors via hydrazine

143

alkylation. Proceedings of the Estonian Academy ofSciences, 64 (2),
168−178.
7) Mastitski, A., Kisseljova, K., Järv, J. (2014). Synthesis of the Fmoc-azaArg(Boc)2 precursor via hydrazinealkylation. Proceedings of the Estonian
Academy of Sciences, 63 (4), 438−443.
8) Mastitski, A., Järv, J. (2014). One-Pot Synthesis of Fmoc- and Boc-Protected Aza-Methionine Precursors from 2-Methylthioacetaldehyde Dimethyl
Acetal. Organic Preparations and Procedures International, 46 (6), 559−564.

144

ELULOOKIRJELDUS
Nimi:
Sünniaeg:
Kodakondsus:
Perekonnaseis:
Aadress:
E-post:

Anton Mastitski
September 22, 1990, Tartu, Eesti
Eesti
Vallaline
Tartu Ülikool, Keemia Instituut, Ravila 14a, 50411, Tartu,
Estonia.
anton.mastitski@gmail.com

Hariduskäik:
1997–2009
2009–2012
2012–2014
2013
2014–…

Tartu Annelinna Gümnaasium (hõbemedaliga)
Tartu Ülikool, BSc
Tartu Ülikool, MSc (Cum laude)
Õppeassistentide koolitus
Tartu Ülikool, Doktorant

Teenistuskäik:
2012–...
2016–2017
2014–2015
2013–2013
2012–2013
2010–2012

Pharmasynth AS, Keemik (0,60)
SA Innove, Keemia e-ülesannete koostaja (0,20)
TBD Biodiscovery OÜ, Keemik (0,60)
Tartu Ülikool, Keemia Instituut, Keemik (0,50)
Tartu Ülikool, Keemia Instituut, Laborant (0,50)
Tartu Annelinna Gümnaasium, Keemia ringi juhendaja (0,10)

Teadupublikatsioonid:
1) Arujõe, M., Ploom, A., Mastitski, A., Järv, J. (2018). Influence of steric
effects in solid-phase aza-peptide synthesis. Tetrahedron Lett. [forthcoming].
2) Mastitski, A., Niinepuu, S., Haljasorg, T., Järv, J., One-Pot Synthesis of
Protected Benzylhydrazines from Acetals, Org. Prep. Proc. Int. [forthcoming].
3) Mastitski, A., Abramov, A., Kruve, A., Järv, J. (2017). Potassium iodide
catalysis in thealkylation of protected hydrazines. Proceedings of the
Estonian Academy of Sciences, 66 (1), 10−17.
4) Arujõe, M., Ploom, A., Mastitski, A., Järv, J. (2017). Comparison of various
coupling reagents in solid-phase aza-peptide synthesis. Tetrahedron Letters,
58 (35), 3421−3425.
5) Mastitski, A., Niinepuu, S., Haljasorg, T., Järv, J. (2015). One-pot synthesis
of protected alkylhydrazines from acetals and ketals. Method scope and
limitations. Organic Preparations and Procedures International, 47 (6),
490−498.
6) Mastitski, A., Haljasorg, T., Kipper, K., Järv, J. (2015). Synthesis of azaphenylalanine, aza-tyrosine,and aza-tryptophan precursors via hydrazine

145

alkylation. Proceedings of the Estonian Academy ofSciences, 64 (2),
168−178.
7) Mastitski, A., Kisseljova, K., Järv, J. (2014). Synthesis of the Fmoc-azaArg(Boc)2 precursor via hydrazine alkylation. Proceedings of the Estonian
Academy of Sciences, 63 (4), 438−443.
8) Mastitski, A., Järv, J. (2014). One-Pot Synthesis of Fmoc- and Boc-Protected Aza-Methionine Precursors from 2-Methylthioacetaldehyde Dimethyl
Acetal. Organic Preparations and Procedures International, 46 (6),559−564.

146

DISSERTATIONES CHIMICAE
UNIVERSITATIS TARTUENSIS
1.
2.
3.
4.
5.

6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.

Toomas Tamm. Quantum-chemical simulation of solvent effects. Tartu,
1993, 110 p.
Peeter Burk. Theoretical study of gas-phase acid-base equilibria. Tartu,
1994, 96 p.
Victor Lobanov. Quantitative structure-property relationships in large
descriptor spaces. Tartu, 1995, 135 p.
Vahur Mäemets. The 17O and 1H nuclear magnetic resonance study of
H2O in individual solvents and its charged clusters in aqueous solutions of
electrolytes. Tartu, 1997, 140 p.
Andrus Metsala. Microcanonical rate constant in nonequilibrium distribution of vibrational energy and in restricted intramolecular vibrational
energy redistribution on the basis of slater’s theory of unimolecular reactions. Tartu, 1997, 150 p.
Uko Maran. Quantum-mechanical study of potential energy surfaces in
different environments. Tartu, 1997, 137 p.
Alar Jänes. Adsorption of organic compounds on antimony, bismuth and
cadmium electrodes. Tartu, 1998, 219 p.
Kaido Tammeveski. Oxygen electroreduction on thin platinum films and
the electrochemical detection of superoxide anion. Tartu, 1998, 139 p.
Ivo Leito. Studies of Brønsted acid-base equilibria in water and nonaqueous media. Tartu, 1998, 101 p.
Jaan Leis. Conformational dynamics and equilibria in amides. Tartu, 1998,
131 p.
Toonika Rinken. The modelling of amperometric biosensors based on oxidoreductases. Tartu, 2000, 108 p.
Dmitri Panov. Partially solvated Grignard reagents. Tartu, 2000, 64 p.
Kaja Orupõld. Treatment and analysis of phenolic wastewater with microorganisms. Tartu, 2000, 123 p.
Jüri Ivask. Ion Chromatographic determination of major anions and
cations in polar ice core. Tartu, 2000, 85 p.
Lauri Vares. Stereoselective Synthesis of Tetrahydrofuran and Tetrahydropyran Derivatives by Use of Asymmetric Horner-WadsworthEmmons and Ring Closure Reactions. Tartu, 2000, 184 p.
Martin Lepiku. Kinetic aspects of dopamine D2 receptor interactions with
specific ligands. Tartu, 2000, 81 p.
Katrin Sak. Some aspects of ligand specificity of P2Y receptors. Tartu,
2000, 106 p.
Vello Pällin. The role of solvation in the formation of iotsitch complexes.
Tartu, 2001, 95 p.
Katrin Kollist. Interactions between polycyclic aromatic compounds and
humic substances. Tartu, 2001, 93 p.

147

20. Ivar Koppel. Quantum chemical study of acidity of strong and superstrong
Brønsted acids. Tartu, 2001, 104 p.
21. Viljar Pihl. The study of the substituent and solvent effects on the acidity
of OH and CH acids. Tartu, 2001, 132 p.
22. Natalia Palm. Specification of the minimum, sufficient and significant set
of descriptors for general description of solvent effects. Tartu, 2001, 134 p.
23. Sulev Sild. QSPR/QSAR approaches for complex molecular systems.
Tartu, 2001, 134 p.
24. Ruslan Petrukhin. Industrial applications of the quantitative structureproperty relationships. Tartu, 2001, 162 p.
25. Boris V. Rogovoy. Synthesis of (benzotriazolyl)carboximidamides and their
application in relations with N- and S-nucleophyles. Tartu, 2002, 84 p.
26. Koit Herodes. Solvent effects on UV-vis absorption spectra of some
solvatochromic substances in binary solvent mixtures: the preferential
solvation model. Tartu, 2002, 102 p.
27. Anti Perkson. Synthesis and characterisation of nanostructured carbon.
Tartu, 2002, 152 p.
28. Ivari Kaljurand. Self-consistent acidity scales of neutral and cationic
Brønsted acids in acetonitrile and tetrahydrofuran. Tartu, 2003, 108 p.
29. Karmen Lust. Adsorption of anions on bismuth single crystal electrodes.
Tartu, 2003, 128 p.
30. Mare Piirsalu. Substituent, temperature and solvent effects on the alkaline
hydrolysis of substituted phenyl and alkyl esters of benzoic acid. Tartu,
2003, 156 p.
31. Meeri Sassian. Reactions of partially solvated Grignard reagents. Tartu,
2003, 78 p.
32. Tarmo Tamm. Quantum chemical modelling of polypyrrole. Tartu, 2003.
100 p.
33. Erik Teinemaa. The environmental fate of the particulate matter and
organic pollutants from an oil shale power plant. Tartu, 2003. 102 p.
34. Jaana Tammiku-Taul. Quantum chemical study of the properties of
Grignard reagents. Tartu, 2003. 120 p.
35. Andre Lomaka. Biomedical applications of predictive computational
chemistry. Tartu, 2003. 132 p.
36. Kostyantyn Kirichenko. Benzotriazole – Mediated Carbon–Carbon Bond
Formation. Tartu, 2003. 132 p.
37. Gunnar Nurk. Adsorption kinetics of some organic compounds on bismuth single crystal electrodes. Tartu, 2003, 170 p.
38. Mati Arulepp. Electrochemical characteristics of porous carbon materials
and electrical double layer capacitors. Tartu, 2003, 196 p.
39. Dan Cornel Fara. QSPR modeling of complexation and distribution of
organic compounds. Tartu, 2004, 126 p.
40. Riina Mahlapuu. Signalling of galanin and amyloid precursor protein
through adenylate cyclase. Tartu, 2004, 124 p.

148

41. Mihkel Kerikmäe. Some luminescent materials for dosimetric applications
and physical research. Tartu, 2004, 143 p.
42. Jaanus Kruusma. Determination of some important trace metal ions in
human blood. Tartu, 2004, 115 p.
43. Urmas Johanson. Investigations of the electrochemical properties of polypyrrole modified electrodes. Tartu, 2004, 91 p.
44. Kaido Sillar. Computational study of the acid sites in zeolite ZSM-5.
Tartu, 2004, 80 p.
45. Aldo Oras. Kinetic aspects of dATPS interaction with P2Y1 receptor.
Tartu, 2004, 75 p.
46. Erik Mölder. Measurement of the oxygen mass transfer through the airwater interface. Tartu, 2005, 73 p.
47. Thomas Thomberg. The kinetics of electroreduction of peroxodisulfate
anion on cadmium (0001) single crystal electrode. Tartu, 2005, 95 p.
48. Olavi Loog. Aspects of condensations of carbonyl compounds and their
imine analogues. Tartu, 2005, 83 p.
49. Siim Salmar. Effect of ultrasound on ester hydrolysis in aqueous ethanol.
Tartu, 2006, 73 p.
50. Ain Uustare. Modulation of signal transduction of heptahelical receptors
by other receptors and G proteins. Tartu, 2006, 121 p.
51. Sergei Yurchenko. Determination of some carcinogenic contaminants in
food. Tartu, 2006, 143 p.
52. Kaido Tämm. QSPR modeling of some properties of organic compounds.
Tartu, 2006, 67 p.
53. Olga Tšubrik. New methods in the synthesis of multisubstituted hydrazines. Tartu. 2006, 183 p.
54. Lilli Sooväli. Spectrophotometric measurements and their uncertainty in
chemical analysis and dissociation constant measurements. Tartu, 2006,
125 p.
55. Eve Koort. Uncertainty estimation of potentiometrically measured ph and
pKa values. Tartu, 2006, 139 p.
56. Sergei Kopanchuk. Regulation of ligand binding to melanocortin receptor
subtypes. Tartu, 2006, 119 p.
57. Silvar Kallip. Surface structure of some bismuth and antimony single
crystal electrodes. Tartu, 2006, 107 p.
58. Kristjan Saal. Surface silanization and its application in biomolecule
coupling. Tartu, 2006, 77 p.
59. Tanel Tätte. High viscosity Sn(OBu)4 oligomeric concentrates and their
applications in technology. Tartu, 2006, 91 p.
60. Dimitar Atanasov Dobchev. Robust QSAR methods for the prediction of
properties from molecular structure. Tartu, 2006, 118 p.
61. Hannes Hagu. Impact of ultrasound on hydrophobic interactions in
solutions. Tartu, 2007, 81 p.
62. Rutha Jäger. Electroreduction of peroxodisulfate anion on bismuth
electrodes. Tartu, 2007, 142 p.

149

63. Kaido Viht. Immobilizable bisubstrate-analogue inhibitors of basophilic
protein kinases: development and application in biosensors. Tartu, 2007,
88 p.
64. Eva-Ingrid Rõõm. Acid-base equilibria in nonpolar media. Tartu, 2007,
156 p.
65. Sven Tamp. DFT study of the cesium cation containing complexes relevant
to the cesium cation binding by the humic acids. Tartu, 2007, 102 p.
66. Jaak Nerut. Electroreduction of hexacyanoferrate(III) anion on Cadmium
(0001) single crystal electrode. Tartu, 2007, 180 p.
67. Lauri Jalukse. Measurement uncertainty estimation in amperometric
dissolved oxygen concentration measurement. Tartu, 2007, 112 p.
68. Aime Lust. Charge state of dopants and ordered clusters formation in
CaF2:Mn and CaF2:Eu luminophors. Tartu, 2007, 100 p.
69. Iiris Kahn. Quantitative Structure-Activity Relationships of environmentally relevant properties. Tartu, 2007, 98 p.
70. Mari Reinik. Nitrates, nitrites, N-nitrosamines and polycyclic aromatic
hydrocarbons in food: analytical methods, occurrence and dietary intake.
Tartu, 2007, 172 p.
71. Heili Kasuk. Thermodynamic parameters and adsorption kinetics of organic compounds forming the compact adsorption layer at Bi single crystal
electrodes. Tartu, 2007, 212 p.
72. Erki Enkvist. Synthesis of adenosine-peptide conjugates for biological
applications. Tartu, 2007, 114 p.
73. Svetoslav Hristov Slavov. Biomedical applications of the QSAR approach.
Tartu, 2007, 146 p.
74. Eneli Härk. Electroreduction of complex cations on electrochemically
polished Bi(hkl) single crystal electrodes. Tartu, 2008, 158 p.
75. Priit Möller. Electrochemical characteristics of some cathodes for medium
temperature solid oxide fuel cells, synthesized by solid state reaction
technique. Tartu, 2008, 90 p.
76. Signe Viggor. Impact of biochemical parameters of genetically different
pseudomonads at the degradation of phenolic compounds. Tartu, 2008, 122 p.
77. Ave Sarapuu. Electrochemical reduction of oxygen on quinone-modified
carbon electrodes and on thin films of platinum and gold. Tartu, 2008,
134 p.
78. Agnes Kütt. Studies of acid-base equilibria in non-aqueous media. Tartu,
2008, 198 p.
79. Rouvim Kadis. Evaluation of measurement uncertainty in analytical chemistry: related concepts and some points of misinterpretation. Tartu, 2008,
118 p.
80. Valter Reedo. Elaboration of IVB group metal oxide structures and their
possible applications. Tartu, 2008, 98 p.
81. Aleksei Kuznetsov. Allosteric effects in reactions catalyzed by the cAMPdependent protein kinase catalytic subunit. Tartu, 2009, 133 p.

150

82.

Aleksei Bredihhin. Use of mono- and polyanions in the synthesis of
multisubstituted hydrazine derivatives. Tartu, 2009, 105 p.
83. Anu Ploom. Quantitative structure-reactivity analysis in organosilicon
chemistry. Tartu, 2009, 99 p.
84. Argo Vonk. Determination of adenosine A2A- and dopamine D1 receptorspecific modulation of adenylate cyclase activity in rat striatum. Tartu,
2009, 129 p.
85. Indrek Kivi. Synthesis and electrochemical characterization of porous
cathode materials for intermediate temperature solid oxide fuel cells.
Tartu, 2009, 177 p.
86. Jaanus Eskusson. Synthesis and characterisation of diamond-like carbon
thin films prepared by pulsed laser deposition method. Tartu, 2009, 117 p.
87. Marko Lätt. Carbide derived microporous carbon and electrical double
layer capacitors. Tartu, 2009, 107 p.
88. Vladimir Stepanov. Slow conformational changes in dopamine transporter interaction with its ligands. Tartu, 2009, 103 p.
89. Aleksander Trummal. Computational Study of Structural and Solvent
Effects on Acidities of Some Brønsted Acids. Tartu, 2009, 103 p.
90. Eerold Vellemäe. Applications of mischmetal in organic synthesis. Tartu,
2009, 93 p.
91. Sven Parkel. Ligand binding to 5-HT1A receptors and its regulation by
Mg2+ and Mn2+. Tartu, 2010, 99 p.
92. Signe Vahur. Expanding the possibilities of ATR-FT-IR spectroscopy in
determination of inorganic pigments. Tartu, 2010, 184 p.
93. Tavo Romann. Preparation and surface modification of bismuth thin
film, porous, and microelectrodes. Tartu, 2010, 155 p.
94. Nadežda Aleksejeva. Electrocatalytic reduction of oxygen on carbon
nanotube-based nanocomposite materials. Tartu, 2010, 147 p.
95. Marko Kullapere. Electrochemical properties of glassy carbon, nickel
and gold electrodes modified with aryl groups. Tartu, 2010, 233 p.
96. Liis Siinor. Adsorption kinetics of ions at Bi single crystal planes from
aqueous electrolyte solutions and room-temperature ionic liquids. Tartu,
2010, 101 p.
97. Angela Vaasa. Development of fluorescence-based kinetic and binding
assays for characterization of protein kinases and their inhibitors. Tartu
2010, 101 p.
98. Indrek Tulp. Multivariate analysis of chemical and biological properties.
Tartu 2010, 105 p.
99. Aare Selberg. Evaluation of environmental quality in Northern Estonia
by the analysis of leachate. Tartu 2010, 117 p.
100. Darja Lavõgina. Development of protein kinase inhibitors based on
adenosine analogue-oligoarginine conjugates. Tartu 2010, 248 p.
101. Laura Herm. Biochemistry of dopamine D2 receptors and its association
with motivated behaviour. Tartu 2010, 156 p.

151

102. Terje Raudsepp. Influence of dopant anions on the electrochemical properties of polypyrrole films. Tartu 2010, 112 p.
103. Margus Marandi. Electroformation of Polypyrrole Films: In-situ AFM
and STM Study. Tartu 2011, 116 p.
104. Kairi Kivirand. Diamine oxidase-based biosensors: construction and
working principles. Tartu, 2011, 140 p.
105. Anneli Kruve. Matrix effects in liquid-chromatography electrospray
mass-spectrometry. Tartu, 2011, 156 p.
106. Gary Urb. Assessment of environmental impact of oil shale fly ash from
PF and CFB combustion. Tartu, 2011, 108 p.
107. Nikita Oskolkov. A novel strategy for peptide-mediated cellular delivery
and induction of endosomal escape. Tartu, 2011, 106 p.
108. Dana Martin. The QSPR/QSAR approach for the prediction of properties of
fullerene derivatives. Tartu, 2011, 98 p.
109. Säde Viirlaid. Novel glutathione analogues and their antioxidant activity.
Tartu, 2011, 106 p.
110. Ülis Sõukand. Simultaneous adsorption of Cd2+, Ni2+, and Pb2+ on peat.
Tartu, 2011, 124 p.
111. Lauri Lipping. The acidity of strong and superstrong Brønsted acids, an
outreach for the “limits of growth”: a quantum chemical study. Tartu,
2011, 124 p.
112. Heisi Kurig. Electrical double-layer capacitors based on ionic liquids as
electrolytes. Tartu, 2011, 146 p.
113. Marje Kasari. Bisubstrate luminescent probes, optical sensors and
affinity adsorbents for measurement of active protein kinases in biological
samples. Tartu, 2012, 126 p.
114. Kalev Takkis. Virtual screening of chemical databases for bioactive
molecules. Tartu, 2012, 122 p.
115. Ksenija Kisseljova. Synthesis of aza-β3-amino acid containing peptides
and kinetic study of their phosphorylation by protein kinase A. Tartu,
2012, 104 p.
116. Riin Rebane. Advanced method development strategy for derivatization
LC/ESI/MS. Tartu, 2012, 184 p.
117. Vladislav Ivaništšev. Double layer structure and adsorption kinetics of
ions at metal electrodes in room temperature ionic liquids. Tartu, 2012,
128 p.
118. Irja Helm. High accuracy gravimetric Winkler method for determination
of dissolved oxygen. Tartu, 2012, 139 p.
119. Karin Kipper. Fluoroalcohols as Components of LC-ESI-MS Eluents:
Usage and Applications. Tartu, 2012, 164 p.
120. Arno Ratas. Energy storage and transfer in dosimetric luminescent
materials. Tartu, 2012, 163 p.
121. Reet Reinart-Okugbeni. Assay systems for characterisation of subtypeselective binding and functional activity of ligands on dopamine receptors.
Tartu, 2012, 159 p.

152

122. Lauri Sikk. Computational study of the Sonogashira cross-coupling
reaction. Tartu, 2012, 81 p.
123. Karita Raudkivi. Neurochemical studies on inter-individual differences
in affect-related behaviour of the laboratory rat. Tartu, 2012, 161 p.
124. Indrek Saar. Design of GalR2 subtype specific ligands: their role in
depression-like behavior and feeding regulation. Tartu, 2013, 126 p.
125. Ann Laheäär. Electrochemical characterization of alkali metal salt based
non-aqueous electrolytes for supercapacitors. Tartu, 2013, 127 p.
126. Kerli Tõnurist. Influence of electrospun separator materials properties on
electrochemical performance of electrical double-layer capacitors. Tartu,
2013, 147 p.
127. Kaija Põhako-Esko. Novel organic and inorganic ionogels: preparation
and characterization. Tartu, 2013, 124 p.
128. Ivar Kruusenberg. Electroreduction of oxygen on carbon nanomaterialbased catalysts. Tartu, 2013, 191 p.
129. Sander Piiskop. Kinetic effects of ultrasound in aqueous acetonitrile
solutions. Tartu, 2013, 95 p.
130. Ilona Faustova. Regulatory role of L-type pyruvate kinase N-terminal
domain. Tartu, 2013, 109 p.
131. Kadi Tamm. Synthesis and characterization of the micro-mesoporous
anode materials and testing of the medium temperature solid oxide fuel
cell single cells. Tartu, 2013, 138 p.
132. Iva Bozhidarova Stoyanova-Slavova. Validation of QSAR/QSPR for
regulatory purposes. Tartu, 2013, 109 p.
133. Vitali Grozovski. Adsorption of organic molecules at single crystal
electrodes studied by in situ STM method. Tartu, 2014, 146 p.
134. Santa Veikšina. Development of assay systems for characterisation of
ligand binding properties to melanocortin 4 receptors. Tartu, 2014, 151 p.
135. Jüri Liiv. PVDF (polyvinylidene difluoride) as material for active
element of twisting-ball displays. Tartu, 2014, 111 p.
136. Kersti Vaarmets. Electrochemical and physical characterization of
pristine and activated molybdenum carbide-derived carbon electrodes for
the oxygen electroreduction reaction. Tartu, 2014, 131 p.
137. Lauri Tõntson. Regulation of G-protein subtypes by receptors, guanine
nucleotides and Mn2+. Tartu, 2014, 105 p.
138. Aiko Adamson. Properties of amine-boranes and phosphorus analogues
in the gas phase. Tartu, 2014, 78 p.
139. Elo Kibena. Electrochemical grafting of glassy carbon, gold, highly
oriented pyrolytic graphite and chemical vapour deposition-grown graphene
electrodes by diazonium reduction method. Tartu, 2014, 184 p.
140. Teemu Näykki. Novel Tools for Water Quality Monitoring – From Field
to Laboratory. Tartu, 2014, 202 p.
141. Karl Kaupmees. Acidity and basicity in non-aqueous media: importance
of solvent properties and purity. Tartu, 2014, 128 p.

153

142. Oleg Lebedev. Hydrazine polyanions: different strategies in the synthesis
of heterocycles. Tartu, 2015, 118 p.
143. Geven Piir. Environmental risk assessment of chemicals using QSAR
methods. Tartu, 2015, 123 p.
144. Olga Mazina. Development and application of the biosensor assay for
measurements of cyclic adenosine monophosphate in studies of G proteincoupled receptor signalinga. Tartu, 2015, 116 p.
145. Sandip Ashokrao Kadam. Anion receptors: synthesis and accurate
binding measurements. Tartu, 2015, 116 p.
146. Indrek Tallo. Synthesis and characterization of new micro-mesoporous
carbide derived carbon materials for high energy and power density
electrical double layer capacitors. Tartu, 2015, 148 p.
147. Heiki Erikson. Electrochemical reduction of oxygen on nanostructured
palladium and gold catalysts. Tartu, 2015, 204 p.
148. Erik Anderson. In situ Scanning Tunnelling Microscopy studies of the
interfacial structure between Bi(111) electrode and a room temperature
ionic liquid. Tartu, 2015, 118 p.
149. Girinath G. Pillai. Computational Modelling of Diverse Chemical, Biochemical and Biomedical Properties. Tartu, 2015, 140 p.
150. Piret Pikma. Interfacial structure and adsorption of organic compounds at
Cd(0001) and Sb(111) electrodes from ionic liquid and aqueous
electrolytes: an in situ STM study. Tartu, 2015, 126 p.
151. Ganesh babu Manoharan. Combining chemical and genetic approaches
for photoluminescence assays of protein kinases. Tartu, 2016, 126 p.
152. Carolin Siimenson. Electrochemical characterization of halide ion
adsorption from liquid mixtures at Bi(111) and pyrolytic graphite
electrode surface. Tartu, 2016, 110 p.
153. Asko Laaniste. Comparison and optimisation of novel mass spectrometry
ionisation sources. Tartu, 2016, 156 p.
154. Hanno Evard. Estimating limit of detection for mass spectrometric
analysis methods. Tartu, 2016, 224 p.
155. Kadri Ligi. Characterization and application of protein kinase-responsive
organic probes with triplet-singlet energy transfer. Tartu, 2016, 122 p.
156. Margarita Kagan. Biosensing penicillins’ residues in milk flows. Tartu,
2016, 130 p.
157. Marie Kriisa. Development of protein kinase-responsive photoluminescent probes and cellular regulators of protein phosphorylation. Tartu,
2016, 106 p.
158. Mihkel Vestli. Ultrasonic spray pyrolysis deposited electrolyte layers for
intermediate temperature solid oxide fuel cells. Tartu, 2016, 156 p.
159. Silver Sepp. Influence of porosity of the carbide-derived carbon on the
properties of the composite electrocatalysts and characteristics of polymer
electrolyte fuel cells. Tartu, 2016, 137p.
160. Kristjan Haav. Quantitative relative equilibrium constant measurements
in supramolecular chemistry. Tartu, 2017, 158 p.

154

161. Anu Teearu. Development of MALDI-FT-ICR-MS methodology for the
analysis of resinous materials. Tartu, 2017, 205 p.
162. Taavi Ivan. Bifunctional inhibitors and photoluminescent probes for
studies on protein complexes. Tartu, 2017, 140 p.
163. Maarja-Liisa Oldekop. Characterization of amino acid derivatization
reagents for LC-MS analysis. Tartu, 2017, 147 p.
164. Kristel Jukk. Electrochemical reduction of oxygen on platinum- and
palladium-based nanocatalysts. Tartu, 2017, 250 p.
165. Siim Kukk. Kinetic aspects of interaction between dopamine transporter
and N-substituted nortropane derivatives. Tartu, 2017, 107 p.
166. Birgit Viira. Design and modelling in early drug development in
targeting HIV-1 reverse transcriptase and Malaria. Tartu, 2017, 172 p.
167. Rait Kivi. Allostery in cAMP dependent protein kinase catalytic subunit.
Tartu, 2017, 115 p.
168. Agnes Heering. Experimental realization and applications of the unified
acidity scale. Tartu, 2017, 123 p.
169. Delia Juronen. Biosensing system for the rapid multiplex detection of
mastitis-causing pathogens in milk. Tartu, 2018, 85 p.
170. Hedi Rahnel. ARC-inhibitors: from reliable biochemical assays to regulators of physiology of cells. Tartu, 2018, 176 p.
171. Anton Ruzanov. Computational investigation of the electrical double
layer at metal–aqueous solution and metal–ionic liquid interfaces. Tartu,
2018, 129 p.
172. Katrin Kestav. Crystal Structure-Guided Development of BisubstrateAnalogue Inhibitors of Mitotic Protein Kinase Haspin. Tartu, 2018, 166 p.
173. Mihkel Ilisson. Synthesis of novel heterocyclic hydrazine derivatives and
their conjugates. Tartu, 2018, 101 p.
174. Anni Allikalt. Development of assay systems for studying ligand binding
to dopamine receptors. Tartu, 2018, 160 p.
175. Ove Oll. Electrical double layer structure and energy storage characteristics of ionic liquid based capacitors. Tartu, 2018, 187 p.
176. Rasmus Palm. Carbon materials for energy storage applications. Tartu,
2018, 114 p.
177. Jörgen Metsik. Preparation and stability of poly(3,4-ethylenedioxythiophene) thin films for transparent electrode applications. Tartu, 2018,
111 p.
178. Sofja Tšepelevitš. Experimental studies and modeling of solute-solvent
interactions. Tartu, 2018, 109 p.
179. Märt Lõkov. Basicity of some nitrogen, phosphorus and carbon bases in
acetonitrile. Tartu, 2018, 104 p.

