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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 deriva-
tives of hydrazine are present in different mushrooms. For example, mushroom
Gyromitra esculenta contains a toxin and carcinogen acetaldehyde N-formyl-
hydrazone, which, in turn, can form highly toxic methyl hydrazine. The widely
spread mushroom Agaricus bisporus contains 4-(hydroxymethyl)phenylhydra-
zine. [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 inhi-
bitors of enzyme monoamine oxidase and anti-tuberculosis medicines. As a re-
sult of this work, several potent hydrazine based antidepressants (ex. Ipro-
niazid), [9] and anti-tuberculosis medicines (ex. Isoniazid), [10] were dis-
covered. 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 deriva-
tives 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 a-aza amino acids, has been proposed to increase
proteolytic stability of peptides. [27-29] This idea is based on structural simila-
rity of natural amino acids and alkylcarbazic acids. However, the a-aza-amino
acids are unstable and spontaneously decompose via decarboxylation. There-
fore, 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 a-aza-amino acid precursor (3) are depicted in Figure 1.
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R= Amino acid side chain. PG= protecting group (Fmoc, Boc, etc.)

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 in-
stability 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 alkyl-
hydrazines 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.

1-ststep: NH;+NaClo —> NH,Cl + NaOH
(A)

2-d step: NH,Cl + NH3; + NaOH ———> H,NNH, + NaCl + H,O
(B)

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 reac-
tion proceeds in relatively smooth conditions at temperatures from 0-100 °C. At
the same time, heavy metal (ex. Cu) ions catalyze oxidation of hydrazine by
chloramine (Scheme 2).

Heavy metal
ions
2 NHch + H2NNH2 _— N2 + 2 NH4C|

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 pre-
vent hydrazine oxidation. Moreover, careful temperature control and holding
optimal pH range are required for successful performing of the Rashig synthe-
sis. [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

11



and chlorine into liquid primary and secondary amines. [33—-34] The main dis-
advantage 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.

o R-NH,
\ _OH KOH/H,0 H
H,N )
~ J— PN
o7\ 70 °C; 10 min R NH,
(A) (B); R= CHa; 49-53 %
RNHR": (C): R= Ph; 81-88 %
KOH/ H,0
75 °C; 40 min

R"

N
R NH,

(D); R'=R"= n-butyl
34%

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-dinitrophenylhydro-

xylamine ((B), Scheme 4). The desired labeled N-aminophtalimide (C) was
obtained in very good yield (Scheme 4). [40]
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(0] NO, o

. /NH2 DMF; r.t.
NK* + o,N o N—NH,

(A) © (B) (c);88% O

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 hydra-
zines 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]

1) (Boc),0; NaHCO3;
MeOH; 10 °C - r.t.
2) Ts-Cl; NMM; DCM;

0°C-r.t.
NHZOH _ = Boc-NH-O-Ts
(R)
R'NH, or R'NHR"; ArNH,; DMF; K,CO4
DCM; NMM
BOC\N/N\R' Boc\N/N\Ar
H H
(B) (D)
or Ff 68 - 90%
BOC\N/N\R'
H
(©)
71-92%

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 hydra-
zines, but isomeric urea derivatives, formed via Lossen rearrangement of Boc-
NHOTs 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; n-
heptyl, 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]

Boc
O0—N~
(B) COzEt BOC_NH
\

R\NHZ COzEt HN_R

DCM or toluene; c

(A) 72 h, rt. ©
25-80%

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 diethyl-
amine 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/HCI 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 pro-
pyl groups. In the case of longer alkyl groups, starting from C, 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 LiAIH, 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 LiAlH, 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
LiAlH, 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 ob-
tained with good yield. [50]
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2 eq of LiAlHy;
dry Et,O

N (0] .
/ \Né N\
(A) -~ NH,
(B)
78 %
< H
Y N
f W ~
28‘:‘2\10 Ph” Ph
Ph o (D)
[ 74 %
NS Z° 7
Ph N o
O;}gof
b
Ph
y
Ph”” NH,

(E)
Scheme 7. Reduction of N-nitrosodimethylamine and N-nitrosodiphenylamine by LiAlH,.

Also, an effective and convenient electrochemical reduction of various sym-
metric, asymmetric and cyclic ((A), 1) Ri=R,= CHj;; n-C4Hy; isopropyl, allyl
etc.; 2) Ri= Ph; R,= CHj; C,H;s 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]

R; 4M HCI/ 96 % EtOH 1:1; R
lll o |<2A/U>-09V |
Ry N PN
2 15-20 h R; NH,
(A) (®)
41-78 %
X
/ﬁ 4AM HCI/ 96 % EtOH 1:1;
K/N\N¢O I<2A;U>-09V K/
N
(C) 15-20 h “NH,
X=CHy; O ®
X=CH,; O
72-77 %

Scheme 8. Electrochemical reduction of N-nitrosamines.
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Not a long time ago a convenient route to o-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. HCI in methanol at — 78 °C (Scheme 9). The a-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/tt,
Zn/aq. HCl/tt, TiCly/rt, TiCl3/NH4OAc/rt, Sn/aq. HCI, Zn/c. HCI/MeOH/rt were
not successful. In experiments with TiCl; and Sn no hydrazine was formed and
reduction with Zn in different conditions resulted in cleavage of N-N bond. [52]

1) t-Bu-ONO; DCM

0 2)Zn/ c. HCI; -78 °C
L oY
e
O N
\‘)ko/

R

A
(A) ®)

88 %

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

Despite the effectiveness of reduction of nitrosamines, work with these com-
pounds 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]

H R H H
HoooH Rx RO H g R rRx  ROR
N—N ——> N—N —— /N—N —_— N—N,
/
H H H H R H R X H
(A) (B) (c) (D)

R= Alkyl group; X= CI; Br; |

Scheme 10. Alkylation of hydrazine.

16



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-sym-
metrical dialkylhydrazine ((C), Scheme 10) and finally 1,1-dialkylhydrazine
may form quarternary hydrazinium salt ((D), Scheme 10). [53] After quarter-
nisation, 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]

O = Qs
NH
~ 2 N
N H/ \R
(B)

) "

R= Alkyl group; X=CI, Br; |

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
NH, 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]

H H Bn Bn
N—Ni +3eq Bn—C| ——> >N—Ni
H H (B) Bn H
(A) (C)

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 NH, group. If hydrazine
reacts with even more sterically hindered halogenides (such as triphenylchloro-
methane (Trityl chloride)), Trt-NHNH, is obtained with 87 % yield. [53, 58]
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Length of the alkyl chain of halogenide also plays an important role in for-
mation of different alkylated products of alkylation. For example, if hydrazine
is alkylated by 1-chloroalkanes (Cg and longer), almost no quarternisation
occurs.

At the same time, if 1-chloroalkanes with even longer chains (C,, 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 dialkyl-
hydrazines. [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]

Br  HoNNH, H
/\N/\/ - > /\N/\/ “NH

< N

(A)

2
(B)

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 (N,, NH;, NO;™ 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 ap-
proaches 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]

N COH
’\ll/ (CH0%S80 \'T'/CH S0, 0 N
3504 N + 2 + CH;0S03H
7 N ~~""NH, 3
(©) (D)
(A) (B)

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]

) PhMgBr NaOH

N ’ w) : HA
fN O\(NH ©\\/NH
(A) (B) ©)

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 N-
atom, attached to the phenyl moiety, and allowed to synthesize different 1-
Alkyl-1-phenylhydrazines ((B), Scheme 16). [71]

1) 4 eq of Na;
NH,
2) 1-1.1 eq of R-X /
NH, — = N
H/ 2 Lig. NH, \

(A) R= Alkyl group; X= Cl, Br; (B)

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 acetylhydra-
zone ((A), Scheme 17) via its sodium enolate ((B), Scheme 17) in 76 % yield.
[72]

- NHZ
ONa 1) Bn-Cl HN
NaOH 2) HCI/H,0
\‘/ > \N/N\ —_—
(B) (€)

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.

EtOH/H,O/
O O Semicarbazide (0]

Base; R'-X Reflux;
N ’ _NH
)J\ w)‘\ 'Tl/ X I R)I\'Tl 2
R' R'

(B) (€)
R;R'= Alkyl group; X= CI; Br

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 acyl-
hydrazone, 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 diphenyl-
phosphino protecting group in acidic conditions, monoalkylhydrazine dihydro-
chlorides ((B), Scheme 19) were obtained in good yield (Scheme 19). [76]

1) Benzene/TBAHS/

RX/NaOH/K,CO,
Ph 80 °C
NH
O\P/ NH.  2)ag. HCl a2
Nyl 2 —
| °N |  x2Hc
Ph H R
(A) (B)

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

Later, this method was developed further and adjusted for synthesis of sym-
metrical 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]

1) AcCl, Pyridine, Benzene
2) R"X/ 40% aq.NaOH/

1) Benzene/TBAHS/ Ph o R"
o /Ph RXINaOH/K,CO; Oy / Benzene/TBAHS/80°C |
A 80 °C Xp NH 3) aq.HCI, r.t NH
P _NH; - N, 2 ~ x 2 Hl
| >N | °N HN
Ph H Ph F|{' IL'
(A) ®) (©)

Scheme 20. Synthesis of symmetrical dialkylhydrazines from diphenylphosphino-
protected 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 1,1,2-
tris(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-NHNH,
((A), Scheme 21), which was treated 2 times with Boc,O and finally hydro-
genated over Pd/C catalyst in CH;0H. Subsequently, the resulted 1,1,2-tris-
(Boc)hydrazine ((C), Scheme 21) was selectively alkylated using PTC condi-
tions 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]

1) Boc,O

2)Boc,0; H,; Pd/C;
H\ /Z DMAP BOC\ /Z CH3OH Boc H
N—N EE— N—N —_— N—N
H H Boc Boc Boc Boc
(A) (B) (©
l R'X; PTC
Boc\ R’ R"X: PTC Boc\ R' TEA Boc R'
N—N B /N—N ~ N—N
R"/ Boc H Boc Boc Boc
(F) (E) (D)

l 4M HCI/1,4-DO

H R’
\ /
N—N

\
R" H
(©)

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-NHNH,; ((A), Scheme 22). Free NH,- 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), 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]

1) Troc-ClI
2)Boc,0;
"/ Dmap  Boc 7 znacoH BoS 2
/N — N\ — N— N\ —_— N— N\
H H Troc Boc H c Boc
) B) ©
l R'X; PTC
1) Mg(CIO,),/
Boc z ACN.
\N N/ 2)R"X; PTC Boc\ /Z
/ \ ¢ N—N
R' \
R" R Boc
(E) (D)

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-NHNH, ((A),
Scheme 23) by treatment with Z-Cl and further alkylated by 1,3-
dibromopropane in the presence of NaH affording 1-Boc-2-Z-protected
pyrazolidine ((C), Scheme 23). [81]

1) Z-Cl
2) Boc,0; NaH; Z Boc
DMAP z B \ /

H\ /Boc \ y oc  Br(CH,);Br N—N

N—N » N—N —_— U
/ \ / \
H H H H

(A) (B) (©)

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 N°-Fmoc-aza-b*-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]

1y 2-Cl NaH; z B 2
2)Boc,O Z B ' 0C 1) HCI _
NP e A S e N\ Tea” NV
N—N L N—N _— N—N —_—
/ \ / \
H H H H
A (8) (D)
) ©
BrCH,COOtBu;
K,CO3; PhCH;
COOtBu 1) Hy/ PAIC COOtBu
( 2) Fmoc-Cl/ (
N NaHCO; N
Fmoc\N/ ; -— Z\N/ ;
(F) (E)

Scheme 24. Synthesis of N°-Fmoc-aza-b*-Proline precursor from BocNHNH,.

Additionally, 1,2-bis-Boc-protected hydrazine ((A), Scheme 25) was success-
fully alkylated by various halogenides in DMF in the presence of 1 eq of
Cs,COs. Use of excess of Cs,COj; and alkylhalogenides resulted in formation of
dialkylated products. In order to perform alkylation of 1,2-bis-Boc-protected
hydrazine selectively, 1 eq of Cs,CO; and nearly equimolar amount (1.1 eq) of
halogenide should be applied. For introduction of the second alkyl group 1.1 eq
of Cs,CO; and 1.5 eq of alkylhalogenide were used. The resulting 1,2-bis-Boc-
1,2-dialkylhydrazine ((B), Scheme 25) is selectively deprotected in benzo-
phenone at high temperature affording 1-Boc-1,2-dialkylhydrazine ((C),
Scheme 25). The latter compound was alkylated third time in the presence of
Cs,CO; resulting in formation of 1-Boc-1,2,2-trialkylhydrazine ((D), Scheme
25).[83]
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1) 1.1 eq of R'X;
1 eq of Cs,CO4

2) 1.5 eqof R"X Bensophenone; B
Boc\ Boc 1.1 eq of Cs,CO; Boc Boc 4g50c ¢
/ \ /
NN NN — N—NH
H ’ DMF, r.t - - R .
(A) (B) ©)

1.1 eq of R"X;
1 eq of Cs,CO4

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 1-
Boc-2-acyl-1,2-dialkylhydrazine ((F), Scheme 26). [84]

BuLi; THF, 0°C Boc PPh; R'X Boc P*PhsBr
+ - N 7 \ /
BOC\ /P Ph3BI’ N—N N—N
N—N ¥ Hoo\
\ R'
H H (B) ©
(A) \aq. NaOH; DCM
Boc
Boc, ~ COR" R"X,PTC Boc  COR"  R'COX; Pyridine N—NH
N—N - N—N - 2R
R\ W \R R’
' (D)

Scheme 26. Modification of 1-Boc-2-triphenylphosphino protected hydrazine.
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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 CHsJ was attempted in the beginning of 1960-s. The reaction
proceeded rather unselectively and gave mixture of the 1,2-bis-trimethylsilyl-
1,2-dimethylhydrazine and 1,1-bistrimethylsilyl-2,2-dimethylhydrazine. [85]

Later, hydrazine dianions became a topic of a detailed research. The first
experiments used PhANHNHBoc ((A), Scheme 27) as a substrate and de-
protonation was done at —78 °C by treatment with BuLi. Boc protected NH
group is much more acidic than phenylic NH and treatment of PANHNHBoc
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 PANHNHBoc by 2 eq
of BuLi at —78 °C 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 PANHNHBoc. 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]

N—N
! 7
H H GQ "/

o) R
A) "Su,.
T 2
W) e

Boc
\

(F)

18 "
o‘B“L\ \ )R )
209 N—N 2
< ®)
™
R'
H

Scheme 27. Alkylation of hydrazine dianions.
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Later, alkylation of trianion ((B), Scheme 28) generated in THF at —78 °C from
BocNHNH,; ((A), Scheme 28) by treatment by BuLi was studied. As a result,
Boc-protected trialkylhydrazines ((D), Scheme 28) were obtained if corres-
ponding 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-NHNH; 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 °C (Scheme 28). [87]

)
. Boc_ /N\R
& |
i
|
Boc N
0\/\{( \'T‘/ ~U ?eqof F|{
&
PO Li % Boc. N__ ()
S aNe) SN
) (B) |
T H
Boc _N_ e

R
| "8 |
C. Sy .
H 2 Ky .¢i. Boc N Unexpected product
4 )Q‘(- NN
N N{\ H .260‘0,‘?\ ITI R
| H (F)

Boc_ /N\Li p
&

’T‘ 9 of
Li Rx 506 R
C |
(€) Boc N
)
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Scheme 28. Alkylation of Boc-protected hydrazine di- and trianions.
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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]

Boc,0; iPrOH H CH,COH; LiAIH,; THF;
' ! CHCIy; 1. 0°c
rt Boc N 3 Boc. _Na Boc /N
NoHixH,O0 ——— \l;l/ “H —— SN | N N I FD)/
A) H (B) H (C) H
1) 2 eq of BulLi; -
78 °C
2) 1 eq of BnBr;
1) DCMITFA 2:1 -60°C-rt.
3 Bn 3) CHsl; r.t.
Bn Ac,0; Py; Bn 2) KOH (aq.) 3
| DCM; rt ,L ~—— Boog N
Ac. _N - I
\Nz \/ . | -
| © I ®

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. Benz-
aldehyde, Benzophenone, Fluorenone), caused by conjugation of the -CH=N-
bond 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; Et;NOH; 2-tert-Butyl-1,1,2,2-
tetramethylguanidine (2-tert-Butyl-TMG); Et;N 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; Et;NOH; 2-tert-Butyl-TMG), alkylated product ((C),
Scheme 31) was obtained in quantitative yield (100 %). At the same time,
alkylation in the presence of CH;ONa 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 fert-Butyl carbazate (B) in dry THF by different
halogenides (R= CHj3; Et; Bu; Bn; Allyl; CH,CN; CH,COOt-Bu; iPr etc; X= Br;
I) in the presence of 1.5 eq of Et;NOH was studied. Yields of the products (D),
Scheme 31) varied from 55-89 %. [90]

1) NoH/xH,0; \x/
EtOH: refl. \\/ 1.5 eq of Base; o 0
2) Boc,0; DMAP; Py; 0.0 1.5 eq of CHCCH,Br; Y
O THF; 0 °C- r.t. T\l/ dry THF N 7
o TREEI L W ,
| Base: KOtBu; EtONa;
Q Q Et4NOH; 2-tert-Butyl-TMG QQQ
(A) ~
100 %
(9]
2
%
0.0
X
R (D)
55-89 %

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

Alkylation of tert-butyl benzylidene carbazate and tert-butyl diphenylmethyli-
dene 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 Et;NOH.
Alkylation of tert-Butyl benzylidene carbazate in the presence of 2-tert-Butyl-
TMG 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 pre-
sence of Et;N were completely unsuccessful. [90] These effects can be ex-
plained by different sterical hindrence of the reaction centre caused by different
structure of the hydrazone part, strength of the applied base and different N-
acidity of the substrates caused by different conjugation extent in the hydrazone
moiety.

Additionally, benzhydrylidene protected hydrazines were used for a synthe-
sis 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 Et;NOH was used in the alkylation step, the reaction proceeded
without racemisation (Scheme 32). [90]

O\ ©

L-Phe-OtBu xHCI;
DiPEA; DCM;
H DCM: 00C-rt °© N\AOtBu
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1) Et,NOH; THF;
0°C.

2) R-Br;
0°C-r.t.

H O
OYN%OtBu

“Ph

YR
E)

R= CH,CCH;
43 %

Scheme 32. Synthesis of benzhydrylidene protected aza-dipeptides.
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An alternative approach to the synthesis of the fluorenylidene protected aza-
dipeptide was also proposed. This procedure used conversion of the L-Phe-
COOtBu 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 aza-
propargylglycinyl-D,L-phenylalanine terz-butyl ester ((A), Scheme 33). Thus,
fluorenylidene moiety was deprotected by treatment with NH,OHxHCI in
pyridine overnight at 60 °C. 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]

o oo
Nﬂz(g\;\\’;, OYN%OtBu
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Ny otBu / 5o B
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| OFA/DCM
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@ (O Vocu ) Ho§
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SN oH
R= CH,CCH; T
N~ R Ph
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QOQ ©
71 % (TFA)
86 % (HC)

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

The above mentioned hydrazone alkylation strategy was successfully applied
for synthesis of different aza-peptides. [91-92] Additionally, terminal benzyli-
dene protected aza-Glycine containing peptides ((A), Scheme 34) were arylated
on solid support by different aryl iodides (Ar= Ph; 4-OCH;-Ph; 3-OCHj3-Ph; 4-
CHj;-Ph; N-Boc-indolyl etc.) in the presence of Cul 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
NH,OHxHCI 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 Et4;NOH 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 ®-chloroalkyl chain (B) were
reacted with NaN; in DMF and the peptide chain was elongated. The azido-
group of the peptides ((C), Scheme 35) was reduced to primary amine using
P(C,H4COOH); 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-NHNH; ((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]

5 DIPEA; PhCHy;
Heat; 48 h. oc 0o
’ AN
BooNHNH, — +  Br K, _— ANHN L
(A)
(B) (C)

61 %
Scheme 36. Direct alkylation of BocNHNH, with benzyl bromoacetate.

Additionally, preparation of Fmoc-aza-B’-Asp-OH precursor started from Z-
NHNH; ((A), Scheme 37) and included 2 alkylations with different 2-bromo-
carboxylic acid esters. In the first synthetic step ZNHNH, (A) was alkylated
with tert-Butyl 2-bromoacetate using DiIPEA 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-dialkyl-
hydrazine ((D), Scheme 37) was treated with Fmoc-Cl in the presence of
NaHCO; as a mild base and in the final step methyl ester was hydrolyzed by
NaOH in the presence of CaCl, affording the Fmoc-aza-B’-Asp-OH precursor
((E), Scheme 37). [82] CaCl, acts as a catalyst and helps to prevent Fmoc
cleavage under basic conditions. [96]

BrCH,COOtBuU H BrCH,COOCH3;
DIPEA 22N N"Scoowy DA N
ZNHNH, — N u Z’N\N/\COOtBu
7y ®) (©)
0,
80 % HsC00C
90 %
l H,; Pd/C
Fmoc 1) Fmoc-Cl;
NaHCO, N
HN\N/\COOtBu 2) NaOH; CaCl, Ny cootsu
-
D
HOOC (E) H,COO0C ®
75 % 95 %

Scheme 37. Synthesis of Fmoc-aza-B*-Asp-OH.

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

DMF; o
Hs;CO
HsCO O 0] 1.1eqof K,CO; 3
o) H
oA + Br A gg, — ’/< _N o}
NHNH, N
OCH;3 (A) (B) OCH, ©) OtBu

62 %

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-NHNH, 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 BocNHNH, with tert-Butyl bromoacetate at room temperature in DMF and
in the presence of 1.1 eq of K,COj; 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 2-
propanol and subsequent protection of the alkylhydrazine ((C), Scheme 39)
with Fmoc-group. The alkylation reaction gave product (in the form of hydro-
chloride) in 39 % yield. Protection step also generated product with Fmoc-
group on already alkylated nitrogen ((E), Scheme 39). For separation, the side
product was condensated with benzaldehyde and removed in the form of hydra-
zone ((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.

o (0] Fmoc-OSu; 0
_NH, \)k iPrOH  H,N_ /\)k CH3OH H /\)J\
HZN(A) X OtBuY > H 39 % (C)OtBU Fmoc”™ N OtBu
(B) (D) 13 %
Benzaldehyde; + o)

PhCH3 70°C /\)k
H,N

C D, Y o

OtBu Fmoc (E)

(F)

Fmoc

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-NHNH,
resulting in formation of aza-Asp residue ((D), Scheme 40) immobilized on
solid support (Scheme 40). [100]

DIC;NMP o 0 FmocNHNH, Fmoc — H o
- - 5 N—N
Br\)k HzN’Q /Q H
OH (g A o N
(A) ©) H

Scheme 40. Alkylation of FmocNHNH, with 2-bromoacetic acid immobilized on solid
support.
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Not a long time ago an effecient alkylation of Boc-NHNH, ((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]

: CN
BrCH,COOCHj; H BHCH2)CN;
Boc._ _NH, DIPEA
\H/ 2 DPEA . Booy N _COOCH; ———= o5 _N___coOCH,
A) H 739 ®) H
© 70%

Scheme 41. Alkylation of BocNHNH, with methyl bromoacetate and 4-bromo-
butyronitrile.

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 pre-
paration of N-protected derivatives of hydrazinoacetic acid and thus became
especially useful for the synthesis of aza-B’ 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 inevi-
table. 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 monoalkylhydra-
zines can be explained by the selective formation of -CH=N- bond in the
reaction of hydrazine -NH, 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 con-
ditions. This method starts from condensation of hydrazine with aldehydes or
ketones. If the reaction utilizes reactive aldehydes, it is difficult to stop con-
densation on the hydrazone step as -NH, 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 hydra-
zone formation of 4 different compounds was observed. If reduction of hydra-
zone 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 hydro-
genation 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 hydro-
genation 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 NaBH, 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]

()
55-70 %

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 benzyli-
denehydrazine ((C), Scheme 43) in ethanol over Pd(5%)/C catalyst. The pro-
duct (D) was obtained in 75 % yield (Scheme 43). [108]

THZ THZ
o)
X N HN

~ Pd (5%)/C; EtOH

ANHz E—— - >

(B) 83% (© 759% ©)

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]

Boc Boc
HN™ H N~
o} l
N H
H2 Pd/C; CH3OH
H[\|]/NH2 + e —

Boc

(A) (B)
(©) 81 % (2 steps)

(D)

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-lle, 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 °C. During this study a
tremendous effects of hydrazone structure on the hydrogenation kinetics was
observed. For example, hydrogenaton of benzaldehyde N-Boc protected hydra-
zone proceeded most rapidly and theoretical amount of a hydrogen was uptaken
during 20 min. Hydrazones of O-tBu protected and non-protected 4-hydro-
xybenzaldehyde 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 con-
taining 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-NHNH,; ((A), Scheme 45) which was condensated with a corres-
ponding aldehyde in refluxing EtOH. For a reduction step, hydrazone was
dissolved in THF and hydrogenated over Pd(OH),/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]

R
(0]
jog v
Fmoc N
) (é\\)‘k' e ~ H e

R .
@O0

\\ g 0, .

o 94 % (R= H)
DN \,\?)»}%“ 70 % (R= OSi(CHa),tBu

s o\ B

0 (B)
<« Boc.
N\ °
Fmoc\N/NHz
7)
2 &0,

Boc

759% (©
Scheme 45. Synthesis of Fmoc protected aza-Phe, aza-Tyr(OSi(CH;),tBu) and aza-
Trp(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/H,O 5/1 mixture as a solvent (Scheme 46).
Different hydrazones (A) with variety of substituents on phenyl group (R=Ph;
(3-OCH;)Ph; (2,4-(OCHsj),)Ph;  (4-(2-pyridinyl)Ph; (4-(4-NO,-Bn))Ph etc.)
were used as a reaction substrates. The reaction proceeded for 1.5 h at 60 °C,
followed by overnight stirring at temperature below 40 °C 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 hydro-
genation 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 hydro-
genation 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=N-
bond of hydrazones to corresponding hydrazines.

For example, reduction of tert-butyl benzalcarbazate ((C), Scheme 47) with
of LiAlH, in dry diethyl ether was reported. The hydrazone (C) was obtained by
reacting BocNHNH, ((A), Scheme 47) with benzaldehyde ((B), Scheme 47) in
ethanol. Subsequently, hydrazone (C) was reduced by 1.1 eq of LiAlH, 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]

Boc Boc
HN™ HN
o N' !
X 1.1 eq of LiAlHy;
EtOH 4
HaN_ © dry E4,0.
NH . —_ >
Boc
(A)
(B)
94 % 62 %
(€) (D)

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

2 eq of NaBHy; H
N.  Ac H0;25h. N e A€
Z SNT N
- H
H N
N 7
/
(B)

(A) 80 %

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

An another example of reductive alkylation used DIBAL in reduction step.
Tert-Butylcarbazate (Boc-NHNH,) ((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 °C and treated with 2 eq of DIBAL.
The desired N-Boc-N’-propylhydrazine ((C), Scheme 49) was obtained in
91 % yield (Scheme 49). [113]

Boc Boc
1.1 eqof e . e
CH4CH,COH; HN 2 eq of DIBAL; Hl\ll
PhCHg Tt | - 78 °C; THF. HN
Boc _NH; :

N 3 - 5 N A D ——
H
(A)
95 % (B) 91 % (C)
Scheme 49. Reduction of hydrazone with DIBAL.

Recently, an effective reduction of aliphatic N-protected hydrazones with
NaBH;CN in the presence of equimolar amount of AcOH was reported. The
desired hydrazones were obtained via condensation of FmocNHNH, ((A),
Scheme 50) with formaldehyde, acetone, 2-methylpropanal, 3-(N-alkyloxy-
carbonylamino)propanal and glyoxalic acid in refluxing etnahol. Subsequent
reduction was performed by NaBH;CN 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 50. Synthesis of Fmoc-protected monoalkylhydrazines via reduction with
NaBH;CN.

Synthesis of Ddz-protected monoalkylhydrazines ((B), (C) and (D), Scheme
51) from Ddz-NHNH,; ((A), Scheme 51) was reported and different methods for
a reduction of different types of Ddz-protected hydrazones with NaBH;CN were
proposed. For example, hydrazones of propanal, acetone and 2-methylbutanal
were reduced in THF by 1.5 eq of NaBH;CN in the presence of 1.1 eq of
TsOHxH,0. Yield of the products (B) varied from 78-86 %. The second
method was applied for a reduction of 2-methylpropanal, 2-butanone and Alloc-
and Boc-protected 3-aminopropanal hydrazones. The reaction was performed in
THF and used 1.5 eq of NaBH;CN and 2 eq of AcOH. The yields of hydrazines
(C) were in the range of 70-87 %. Attempts to reduce conjugated hydrazones of
benzaldehyde, 4-(tert-butoxy)benzaldehyde or N-Boc-Indole-3-aldehyde using
the aforementioned conditions resulted in very long reduction times. Successful
reduction was achieved by using 3 eq of NaBH3CN and 5 eq of AcOH in THF.
Corresponding protected benzyl-, or substituted (3-methyl)indolylhydrazines
(D) were obtained in good to excellent yields (68-95 %). The reaction scheme
and aforementioned methods for reduction of hydrazones are shown on Scheme
51.[97]
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Scheme 51. Synthesis of Ddz-protected monoalkylhydrazines.

Recently, reduction of acetone N-Boc protected hydrazone with NaBH;CN 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 ob-
tained 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 hydra-
zones with NaBH;CN in acidic media is one of the most preferred methods for
preparation of monoprotected monoalkylhydrazines. This can be explained by
several special advantages of NaBH;CN. 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, NaBH;CN
tolerates protic solvents and acidic conditions. [114] Thirdly, this reductant does
not reduce amide-, ether-, nitrile- and nitro groups. [115] The main dis-
advantage of NaBH;CN 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 -NH,, 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 de-
protection. For example, synthesis of Fmoc-aza-B’-Arg(Boc), precursor started
from 3,3-diethoxypropylamine ((A), Scheme 52). Afterwards the -NH, 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-NHNH, and reduced with NaBH;CN to orthogonally protected
Fmoc-aza-Orn(Boc) precursor ((D), Scheme 52). [95]

. 0
T OEt  AcOH/H,0 N
> _— BocHN H
HoN OEt BocHN OEt © 98 %
(A) 90 % Rz
P oyt
(B) ANl
\2\“‘36 :
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Scheme 52. Preparation of aldehyde from acetal and reductive alkylation of Fmoc-NHNH,.

At the same time, difficulties with hydrolysis of 3-(di-Boc)guanidinopropanal
diethyl acetal ((E), Scheme 53) were faced. Indeed, all the attempts to hydro-
lyze the acetal in a mixture of AcOH/H,O were completely unsuccessful. The 3-
(di-Boc)guanidinopropanal was obtained via oxidation of 3-(di-Boc)guanidino-
propanol ((F), Scheme 53) with Dess-Martin reagent (yield 82 %) and also via
reduction of Weinreb amide ((D), Scheme 53) with LiAlH, (yield 33 %).
Condensation of the aldehyde with Fmoc-NHNH, followed by the subsequent
reduction with NaBH3;CN 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 BH; complexes

BHj; 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,
BH; 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]

BH; 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 BH;-THF complex in dry THF and afforded corresponding hydrazine
((B), Scheme 54) in 85 % yield. At the same time, reduction of the same hydra-
zone 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.

2 eq of BH3-THF;
HN” -20°C (1 h); HN”
| r.t. (12 h); THF. |

j/Ph E— HN\(Ph

(A) 85% )
Scheme 54. Reduction of Boc protected hydrazone with BH;-THF copmlex.
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Not a long time ago reduction of unconjugated and a,-unsaturated acylhydra-
zones was reported. For example, hexanal acetylhydrazone ((A), Scheme 55)
and cynnamaldehyde acetylhydrazone ((B), Scheme 55) were reduced at 0 °C
by 1.6 eq of BH;-NH(CH3;), complex in the presence of 6 eq of TsOH and using
DCM/CH;0OH mixture as a solvent (Scheme 55). During optimization of this
reaction authors tested methanolic HCI, acetic acid and aqueous HCI as acidic
agents. As a result, several disadvantages of each acid were revealed. For
example, reduction with BH;-NH(CHj;), in the presence of methanolic HCI
required preparation of titrated HCI solutions and high dilution of the reaction
mixture. Experiments with AcOH were not successful. Application of aqueous
HCI on the small scale gave the same results as methanolic HCI, however, if
performed on larger scale, reduction in the presence of aqueous HCIl 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 acetyl-
hydrazines ((C) and (D), Scheme 55) were obtained in very good yields. [119]

1.6 eq of BH3-NH(CHg),;
0 b0l LK
)I\ N N N Yl 3 ) - H’ N~ NN

Ho ) 86 % (C)

1.6 eq of BH3-NH(CHj3),;

6 eq of TsOHxH,O; 0 H\/\/©
(0] DCM/CH;0H; 0 °C. _N A
)l\ 'N\/\/Q g )LH D

N 96 % (D)

H  (B)

Scheme 55. Reduction of acetylhydrazones with BH;-N(CHj),.

In addition to the above mentioned applications, BH;-N(CH3;); complexes were
successfully used for reduction of different hydrazones. Borane-amine comp-
lexes 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 BH;-N(CHj3); were dissolved in toluene and the
obtained solution was saturated with gaseuos HCI 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 alde-
hydes and ketones (ex. Acetophenone, benzaldehyde, 4-nitrobenzaldehyde, pro-
panal, 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 BH;-N(CHj3);
in acetic acid media gave large amount (76 %) of l-acetyl-2-benzyl-2,2-
dimethylhydrazine 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]

. 1eqof BH3-N(CHg)y; H
Ny R PhCHg; HCI (gas). \N/N R’
—_—
| i | \rx HCI
(A) R ®)
R=-H; -CH3. 1) R=H; R'= Et; 96 %
R'= -Et; -Ph; -NO,-Ph; 3-Pyridinyl. 2)R=H; R'=Ph; 97 %

3) R=CHj; R'=Ph; 94 %
4) R=H; R'= 4-N02-Ph; 96 %
5) R= H; R'= 3-pyridyl; 98 %.

Scheme 56. Reduction of hydrazones with BH;-N(CHjs);.

47



3. AIMS OF THE STUDY

1) To develop alternative and more convenient approach for the synthesis of
Fmoc-NHNH(CH,);-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 correspon-
ding hydrazones.

3) To prepare previously unknown Fmoc- and Boc-protected aza-Methionine
precursors from commercially available 2-methylthioacetaldehyde dimethyl-
acetal.

4) To study scope and limitations of the one-pot synthesis of alcoxycarbonyl-
protected 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 monoalkyl-
hydrazines 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 there-
fore 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 aza-
ornithine into the peptide sequence, deprotection of its side chain and
guanidilation of the primary NH,-group with N,N’-bis-Boc-1-guanylpyrazole.
[28] Secondly, synthesis of Fmoc-aza-Arg(Boc) precursor was accomplished by
reductive alkylation of Fmoc-NHNH, 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-(di-
Boc)guanidylpropanoic acid to Weinreb amide and reduction of the latter
compound by LiAlHs. 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 Fmoc-
Arg(Boc), 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 pro-
duct 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-NHNH, by N-Boc-3-bromopropylamine. The
alkylation of protected hydrazines with different bromides is summarized on
Scheme 57.
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NMP; 92 °C;

NH, 3h H

g N NHR'

H’]‘ + Br/\/\ NHR' _— Hl}l NN
R
R (o]

3eq 1eq ( )
(A) (B) Fmoc/Boc- 62 %

R= Fmoc; Boc; Z. Fmoc/Z- 65 %

R'= Boc; Alloc; Z; Fmoc. Fmoc/Alloc- 70 %

Boc/Fmoc- 70 %
Boc/Z- 59 %
Z/Boc- 39 %

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 pepti-
de synthesis, the Fmoc-aza-Orn(Boc) precursor was modified further in order to
prepare Fmoc-aza-Arg(Boc), 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), ((B),
Scheme 58) precursor was 66 %. [121]

1) TFA/DCM
H 2) (BocNH),CNT#/
/N\/\/NHBoc TEA. 1,4-DO. H H
Hr\‘l _— HN’N\/\/N\H/NHBOC
Fmoc (A) F NBoc
moc (B)

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 aza-
Trp precursors, which were previously obtained by precious metal catalyzed
hydrogenation of corresponding hydrazones of benzaldehyde, O-protected 4-
hydroxybenzaldehyde 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 infor-
mation 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-NHNH,) 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-NHNH,.

. e Monoalkylated
Experimental conditions: hydrazine yield:
3 eq of FmocNHNH,;; 0.6 M DMF solution; 1 eq of Bn-Br; 46 %
70°C;12h
2 eq of FmocNHNH,; 0.6 M DMF solution; 1.5 eq of DiPEA; - (Fmoc removal
1 eq of Bn-Br; 70 °C; 13 h occurred)

2 eq of FmocNHNH,; 0.6 M DMF solution; 1 eq of Bn-Br;rt.; 11h 26 % *
2 eq of FmocNHNH,; 0.1 M DMF solution; 1 eq of benzyl bromide; 30 % **
rt.; 12h

3 eq of FmocNHNH,; 0.1 M DMF solution; 1 eq of Bn-Br; 43 %
70°C; 12 h

1.5 eq of FmocNHNH,; 0.1 M ACN solution; 36 %

1 eq of Bn-Br; reflux 5h

3 eq of FmocNHNH,; 0.1 M ACN solution; 1 eq of Bn-Br; 45 Y Fx*
reflux; 11 h

2 eq of FmocNHNH,; 0.1 M CH;0H solution; 1 eq of Bn-Br; 21 %
reflux 3 h; 12 h at rt.

3.5 eq of FmocNHNH,; 0.1 M CH;0H solution; 1 eq of Bn-Cl; 14 %
reflux 4 h

4 eq of FmocNHNH,; 0.1 M EtOH solution; 1 eq of Bn-Br; 61 %
reflux 11 h.

3 eq of Fmoc-NHNH,; 0.1 M ACN solution; 1 eq of 2,4,6- 68 %
trimethylpyridine; 1 eq Bn-Br; 6 h reflux

4 eq of Fmoc-NHNH,; 0.1 M ACN solution; 1 eq of 2,4,6- 74 %
trimethylpyridine; 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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Table 2. Benzylation of Boc-NHNH, and Z-NHNH,.

Monoalkylated

Experimental conditions: hydrazine yield
(%):

1 eq of BocNHNH,; 1 eq of Bn-Br; 0.75 M ACN solution; reflux 4 h. 13 %
2 eq of BocNHNH,; 1 eq of Bn-Br; 0.75 M NMP solution; 14 %
overnight at rt.
3.4 eq of BocNHNH,; 1 eq of Bn-Br; 2.3 M DMF solution; 70 °C; 5 h. 63 %
3 eq of BocNHNH,; 1 eq of Bn-Br; 0.1 M DMF solution; 70 °C; 11 h. 70 %
3 eq of BocNHNH,; 1 eq of Bn-Br; 0.1 M CH;0H solution; reflux 5 h. 11 %
4 eq of BocNHNH,; 1 eq of Bn-Br; 0.1 M EtOH solution; reflux 6 h. 57 %
4 eq of BocNHNH,; 1 eq of Bn-I; 0.1 M ACN solution; 1.3 eq of 2,4,6- 75 %
trimethylpyridine; reflux 13 h.
4 eq of BocNHNH,; 1 eq of Bn-Br; 0.1 M ACN solution; 1.3 eq of 2,4,6- 79 %
trimethylpyridine; reflux 11 h.
3 eq of ZNHNH,; 1 eq of Bn-Br; 0.1 M ACN solution; reflux 6 h. 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 tempera-
tures. At the same time, attempts to benzylate Fmoc-NHNH, at 70 °C 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 per-
forming this reaction in alcohol helps to suppress excessive dialkylation of
hydrazine. [53, 62] In the present work 3 fold excess of Fmoc-NHNH, and 4-
fold excess of Boc-NHNH, 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-NHNH, and 2 eq of Fmoc-NHNH,with
Bn-Br in refluxing CH;0H 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-NHNH, with benzyl chloride in refluxing metha-
nol gave the monoalkylated product in 14 % yield. At the same time, alkylation
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of Fmoc-, and Boc-NHNH, 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 PBr; in DCM. It is im-
portant 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 pre-
paration. 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.

099948

PG,
PG1 Boc Bn 970/ (Boc) (D)
b (BOC 0,
98% (Boc 30% (Boc)
PG, =Fmoc; Boc 999, (Bn) 920/2 EBn)) 34% (Bn) E)

Reaction conditions: 1. 1.05 eq of Boc,0, 0.1 eq of DMAP; Or 1.1 eq of BnBr, 3 eq of DIPEA, ACN reflux;
2. 1 eq of NaBH,4, CH30H, 0°C, 2 h; 3.0.77 eq of PBr;, 1 eq of TEA, dry DCM, 0 °C, 2 h; 4. 3 eq of PG-NHNH,, 1
eq of 2,4,6-trimethylpyridine, 0.1 M ACN sol-on, reflux.

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 (POCl;/DMF), followed by protection of NH group with Z
protecting group. Subsequent reduction was accomplished by NaBH, in methanol
followed by conversion of alcohol to bromide by PBr; in DCM in the presence of
TEA and NaHCO;. The obtained bromide was used for alkylation of Fmoc-
NHNH; and Boc-NHNH,. Monoalkylated products were obtained in 43 %
(alkylation of Fmoc-NHNH,) and in 56 % (alkylation of Boc-NHNH,) yield.

An alternative synthesis of 1-(tert-Butyloxycarbonyloxy)-4-(bromomethyl)ben-
zene and N-Boc-3-(bromomethyl)indole via free radical bromination of 1-(tert-
Butyloxycarbonyloxy)-4-methylbenzene and N-Boc-3-methylindole using
NBS/AIBN in refluxing CCly, [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 hydra-
zines 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 Nal or KI. Inorganic iodide catalysis was previously applied for
the synthesis of different organic compounds, [123—124] but there is no infor-
mation 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, halo-
genide (chloride or bromide), suitable base and ACN as a solvent, greatly im-
proved the alkylation of protected hydrazines. At first, KI catalysis was applied
for alkylation of Fmoc-, Boc-, Z-, and Bz-protected hydrazines with 1-(tert-
Butyloxycarbonyloxy)-4-(bromomethyl)benzene ((C), Scheme 60) prepared via
radical BzOOBz initated bromination of I-(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 %.

OH OBoc OBoc OBoc
(A) 99% Br NH
B) 99% H'jl (D)
© “pG

57 % (PG= Fmoc)
56 % (PG= Boc)
59 % (PG= 2)
49 % (PG= Bz)

Reaction conditions: 1. 1.05 eq Boc,0, CHCI3, 0.05 eq DMAP; 2. CCl,, 1.05 eq of NBS, 0.016 eq BzOOBz,
reflux; 3. 3 eq of PGNHNH,, 0.1 M solution in ACN, 0.1 eq of Kl, 1.5 eq of DiIPEA or 2,4,6-trimethylpyridine, reflux.

Scheme 60. Aza-Tyr precursors from p-cresole.
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Further, the KI catalysis was applied for preparation of different alkylhydra-
zines. Namely, alkylation of Fmoc-, Boc-, and Z-NHNH, ((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 reacti-
vity (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-NHNH,) and 61 %
(alkylation of Boc-NHNH,). 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: Yield of
monoalkylated
hydrazine (%):

3 eq of Fmoc-NHNH,, 1.5 eq of 2,4,6-trimethylpyridine, 1 eq of 68 %

Bn-Br, 0.1 eq of KI, 0.1 M solution in ACN, reflux 5 h.

3 eq of Boc-NHNH,, 1.5 eq of 2,4,6-trimethylpyridine, 1 eq of 71 %

Bn-Br, 0.1 eq of KI, 0.1 M solution in ACN, reflux 5 h.

3 eq of Boc-NHNH,, 1.5 eq of 2,4,6-trimethylpyridine, 1 eq of 77 %

Bn-Cl, 0.1 eq of KI, 0.1 M solution in ACN, reflux 5 h.

3 eq of Fmoc-NHNH,, 1.5 eq of 2,4,6-trimethylpyridine, 1 eq of 49 %,

Bn-Cl, 0.1 eq of KI, 0.1 M solution in ACN, reflux 6 h.

3 eq of Z-NHNH,, 1.5 eq of DiPEA, 1 eq of Bn-Cl, 0.1 eq of KI, 53 %

0.1 M solution in ACN, reflux 6h.

3 eq of Boc-NHNH,, 1.5 eq of DiPEA, 1 eq of Bn-Cl, 0.1 eq of 65 %

KI, 0.1 M solution in ACN, reflux 6h.

3 eq of Boc-NHNH,, 1.5 eq of DiPEA, 1 eq of Bn-Cl, 0.1 M 55 %

solution in ACN, reflux 24 h.

3 eq of Fmoc-NHNH,, 1.5 eq of 2,4,6-trimethylpyridine, 1 eq of 22 %

Bn-ClL, 0.1 M solution in ACN, reflux 24 h.

3 eq of Z-NHNH,, 1.5 eq of DiPEA, 1 eq of Bn-Cl, 0.1 M 21 %

solution in ACN, reflux 24 h.

3 eq of Boc-NHNH,, 1.5 eq of DiPEA, 1 eq of 4-methoxybenzyl 61 %

chloride, 0.1 M solution in ACN, 0.1 eq of KI, reflux 6 h.
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Reaction conditions: Yield of
monoalkylated
hydrazine (%):

3 eq of Z-NHNH,, 1.5 eq of DiPEA,1 eq of 4-methoxybenzyl 49 9%,

chloride, 0.1 M solution in ACN, 0.1 eq of KI, reflux 6 h.

3 eq of Fmoc-NHNH,, 1.5 eq of 2,4,6-trimethylpyridine, 1 eq of 46 %

4-methoxybenzyl chloride, 0.1 M solution in ACN, 0.1 eq of KI,

reflux 6 h.

3 eq of Boc-NHNH,, 1.5 eq of DiPEA, 1 eq of 4-methoxybenzyl 27 %

chloride, 0.1 M solution in ACN, reflux 24 h.

3 eq of Z-NHNH,, 1.5 eq of DiPEA,1 eq of 4-methoxybenzyl 18 %

chloride, 0.1 M solution in ACN, reflux 24 h.

3 eq of Fmoc-NHNH,, 1.5 eq of 2,4,6-trimethylpyridine, 1 eq of 13 %

4-methoxybenzyl chloride, 0.1 M solution in ACN, reflux 24 h.

HN—NH, 1 /—Q—R'
/ g N
R 7 < > RO —> uN—NH

X /

3eq R (©)
R= Fmoc; Boc; Z 1eq 68% (R= F R=H
= Fmoc: R'=
* X=Br: Cl 53% (Re 2. Rot)
R'=H; OCH, 77% (R= Boc; R'= H)
B8) 46% (R= Fmoc; R'= OCHy)

61% (R= Boc; R'= OCH,)

1.0.1 M ACN sol-n, 1.5 eq of 2,4,6-trimethylpyridine (for Fmoc) or DIPEA (for Boc or Z), 0.1 eq KlI, 1 eq of halogenide,
reflux.

Scheme 61. KI catalyzed benzylation of protected hydrazines.

In the following experiments the effect of KI catalysis on alkylation of pro-
tected hydrazines with halogenoacetic acid esters was studied. In these experi-
ments equimolar mixture of protected hydrazine ((A), Scheme 62) and halo-
genoacetic 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 chloro-
acetate in the same conditions without KI afforded only 15-20 % of mono-
alkylated product after 24 hour long refluxing.

56



HN—NH T 1 N—NH  0—R
/ 2 4 X\)I\ R /
R Y R
1eq 1eq (€) (0]
R= Fmoc; Boc; Z X=Br; Cl 88 % (R= Fmoc; R'= tBu)
(A) R= t-Bu; CH3; CH,CHj 57 % (R=Boc; R'= CH3)
(B) 54% (R= Boc; R'= tBu)

60% (R=Z; R'=tBu)

40% (R= Fmoc; R'= CH,CH,3)
50% (R= Boc; R'= CH,CH3)
44% (R= Z; R'= CH,CHj3)

1. 0.1 M ACN sol-n, 1.5 eq 2,4,6-trimethylpyridine (for Fmoc) or DIPEA (for Boc or Z), 0.1 eq KI, 1 eq of
halogenide, reflux.

Scheme 62. KI catalyzed synthesis of aza-Asp precursors.

In summary, the methods listed above allow to alkylate protected alkylhydra-
zines 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)-CONHNH, with 2-methylthioacetaldehyde, follo-
wed by reduction of the formed hydrazone. The desired 2-methylthioacet-
aldehyde was synthesized from commercially available 2-methylthioacetalde-
hyde dimethyl acetal by hydrolysis of the acetal group. [27] In general, pre-
sence of a nucleophilic groups or heteroatoms in the molecule of the carbonyl
compound destabylize aldehyde or a ketone and makes it prone to undergo self-
condensation. 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-B’-Arg(Boc), precursor started from 3,3-diethoxypropylamine.
The aminoacetal was Boc-protected and acetal group was hydrolyzed in AcOH/
H,0 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-NHNH, and in the case
of acid stable Fmoc-NHNH, 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 proce-
dure 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 NaBH;CN 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), Sche-
me 63) was good (Boc-protected precursor) and quantitative (Fmoc-protected
precursor).

I s—
R-NHNH, . S , Hoo
(A) . \L —= >  N—nH
* SN R (D)
MeSCH,CH(OMe), |
(B) H/N\R R= Fmoc. 99%; 53 % (one-pot).
() R= Boc. 60%; 57% (one-pot).

99% (Fmoc)
99% (Boc)

R= Fmoc; Boc.
1. TFA, EtOH-H,0, A. 2. NaBH;CN, AcOH; EtOH, A.

Scheme 63. Synthesis of Fmoc/Boc-aza-methionine precursors from 2-methylthio-
acetaldehyde 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 quanti-
tative 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 mix-
ture or by partial Fmoc scission during refluxing of the reaction mixture con-
taining NaHCO; residues. The detailed procedures for preparation of 2-
methylthioacetaldehyde N-protected hydrazones (C) and N-protected N’-(2-
methylthio)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 pro-
mising 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 NaBH;CN in
the presence of equimolar amount of AcOH. During the present study was
found that neutralisation of the reaction mixture with NaHCO; (Paper 2) is not
necessary. Also, basic conditions, caused by decomposition of the NaHCO; to
more basic Na,CO; could easily cleave the base-sensitive Fmoc groups. Ad-
ditionally, 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 % HCI was
found to be very effective and can be used in combination with all the acid-
stable groups. However, previously reported refluxing of the reaction mixture
should be exploited in the case of acid-labile groups such as Boc.

R-NHNH,
(A)

+ H R' H

; . N/ 2.\
j\R A NN — N—NHCHR
R~ “OR" R g R (©
(a-m)

R = Fmoc; Cbz., R’ = -CH,SCHa; -(CH,),CN; <(CH,),Cl; -CH,0Bn;
~CH,NHCH3; -CH,NH,; -CH,NHCbz; “CHj; -CH,NHBzZ; -CH,NHBoc;
-CH=CH,; -(CHy),; ~(CHy)s-., R" = -CHg; -CH,CHj.

1. TFA, EtOH - H,0, A. 2. 1. NaBH3CN, AcOH, EtOH-H,0, A.

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, 1, 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, re-
duction 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.

OR" . . R-NHNH,

R "OR" R = Fmoc R =Cbz

a -CH,SCH; -CH; Yield: 98% Yield: 67%

b -(CH,),CN -CH; Yield: 62% Yield: 76%

C -(CH2)2C1 'CH2CH3 a) a)

d -CH,0Bn -CH,CH; Yield 67% Yield 65%

e -CH,NHCH; | -CH; (Fmoc scission) (No reaction)

f -CH,NH, -CH; (Fmoc scission) (No reaction)

g -CH,NHCbz | -CH;4 Yield 70% Yield: 63%

h -CH; -CH,CH; Yield 74% in Yield 66 % in

THF.<20%in EtOH | THF.<20%in EtOH

i -CH,NHBz -CH; Yield: 86% Yield: 80%

j -CH,NHBoc | -CH; b) b)

k -CH=CH, -CH,CH;,4 c) c)

1 -(CH;), -CH; Yield: 77% Yield: 64%

m -(CHp)s- -CH, Yield: 72% Yield: 87%

a) Formation of alkylated products and subsequent decomposition of the reaction

mixture.

Only trace amounts of the hydrazone were detected, as Boc removal by TFA
occurred.

¢) Only trace amounts of the hydrazone were formed.

o
~

The encouragemet from the excellent results of the one-pot synthesis of pro-
tected 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, monosubsti-
tuted with Fmoc, Z, Bz, 3-NO,-Bz-, and 3,4-(OCHj;),Bz groups ((A), Scheme
65) was reacted with benzaldehyde dimethyl acetal and 2-bromo- and 3-bromo-
benzaldehyde 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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R-NHNH,

(A)

+ H R H

orR" 1. :N—N//_ _2, :N—NHCHZR'
R~ OOR" R (®) R (0

(a-c)

R = Fmoc; Cbz; Bz; 3-NO,Bz; 3,4-(OCHj3),Bz; R' = Ph; 2-BrPh;
3-BrPh; R" = -CHj3; -CH,CHa;
1. TsOH, EtOH - H,0, A. 2. 1. BH3-THF, THF, rt., 2. EtOH-THF, A.

Scheme 65. One-pot synthesis of protected benzylhydrazines from acetals.

Table 5. One-pot synthesis of protected benzylhydrazines from acetals.

j)\;' R’ R” RNHNH,
R "OR" = = |R=Bz| R=3- 34-
Fmoc | Cbz NO,Bz | (OCH5),Bz
a Ph CHs | 92% | 65% | 93% | 61% | 92%
b 2-BrPh | -CH,CH; | 78% | 71% | 79% | 79% | 73%
c 3-BrPh | -CH,CHs | 56% | 51% | 74% | 91% 90 %

Due to the conjugated nature of the obtained hydrazones ((B), Scheme 65),
BH;-THF complex was used in the reduction step. This modification required a
solvent exchange to THF as BH;-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 con-
jugated 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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for hydrazine moiety, it is almost impossible to cover synthesis of all the types
of monoalkylhydrazines and references to synthesis of the most valuable Fmoc-,
Boc-, and in smaller extent Z-, and Ddz-protected monoalkylhydrazines will be
given.

As it was mentioned and described previously, synthesis of these compounds
usually utilizes reductive alkylation and in significantly lower extent the direct
alkylation of monoprotected hydrazines with alkylhalogenides or related
electrophilic compounds (ex. Michael acceptors).

Structures of a native amino acid, corresponding aza-amino acid precursor
and references to synthetic procedures are given in the Table 6.

Table 6. Structures of DNA encoded amino acids, corresponding a-aza-amino acid
precursors and references to synthesis of different precursors.

Amino acid |o-Amino acid oa-Aza-amino acid | References
structure precursor
Alanine H 1)[28; 95], R=Fmoc;

o}
R/N\N/ 2)[84; 109; 126 ], R=Boc.
OH H
R= Protecting group,

(ex. Fmoc; Boc)

NH,
Valine e} H 1)[28; 127; This work],
N R= Fmoc.
OH R H 2)[109; 128; 1291,
R= Protecting group, R=Boc.

NH, (ex. Fmoc; Boc)
Leucine o] H 1)[28], R=Fmoc.
R/N\N/\( 2)[16; 113; 130, 131],
OH H R=Boc.
R= Protecting group,
NH, (ex. Fmoc; Boc)

Isoleucine = o H 1)[81; 129 ], R=Boc.
B NS 2)[97], R= Ddz.
OH R H

NH, R= Protecting group,
(ex. Fmoc; Boc)
Serine 0 H No precursor
N~ or
HO/H)J\OH R= Protecting group,
NH (ex. Fmoc; Boc);
2 R'=tBu or Bn.
Threonine OH O )\ No precursor
H
N OR'
NH, R= Protecting group,
(ex. Fmoc; Boc);
R'=tBu or Bn.
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Amino acid | a-Amino acid a-Aza-amino acid | References
structure precursor
Cysteine 0 H No precursor
N~y TsR
R
HsS OH H
R= Protecting group,
NH, (ex. Fmoc; Boc);
R'=Trt.
Methionine (o] H S| D [This work], R= Fmoc.
S R/N\N/\/ 2) [This work], R=Boc.
- OH H 2)[27]-introduction of
NH R= Protecting group, |Met side chain to Fmoc-
2 (ex. Fmoc; Boc). Lys(Boc)-CONHNH,.
Arginine NH o RE‘L 1)[116; This work],
HZNJ\N/\/YU\OH /H\ e ~N NHR R=Fmoc; R.:ABO.C'
H RH RN H 2)[28]- guanidilation of
2 R= Protecting group, aza-Orn side chain on
(Reé.BFmOC; 500)- solid support.

- Rocore 3)[94], construction and
guanidilation of aza-Orn
side chain on solid
support.

Lysine o s /\/\/NHR' 1)[28], R=Fmoc; R’=
HZN\/\/YkOH R” \H Boc.
Re Protedting arou 2)[94], construction and
NH; (ex. Fmoc: 3%3)_ P modification of aza-Lys
R'=Boc or Z. side chain on solid
support.
Aspartic (0] H 1)[28; 82; 127; This
acid HO R” SN coor |Work], R=Fmoc; R’=
OH H tBu.
R= protecting 2)[98; This work], R=
o NH, gRr'outg:(egFmOC; Boc). | Boc; R’= tBu.
=tBu; Bn.
Glutamic ] o H | D[99], R=Fmoc; R’=
acid R SNTNCOOR By,
HO OH H 2)[82], R=Boc; R’= CH.
NH R= protecting
2 group;(ex.Fmoc; Boc).
R'= tBu; Bn.
Glutamine (o] o] N _~__CONHR 1)[82; 132], R=Boc.
R” N
HZNWOH H
R= protecti
NH, grOLFl)y;(;)(ee)((:.II:nn%oc; Boc).
R'= Trt; H.
Phenyl- o H 1)[28; 127; 133; This
alanine R/N\N/\Ph work], R=Fmoc.
OH H 2)[109; 111; 118; This
NH> R= protecting group work], R=Boc.

(ex.Fmoc; Boc).
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Amino acid |a-Amino acid o-Aza-amino acid | References
structure precursor
Tyrosine o H 1)[28], R=Fmoc. R’=
OH R” \H Sl(CH;)ztBu
s oR' 2)[97], R=Ddz; R’= tBu.
HO 2 R= Protecting group, 3)[81]{ R=Boc; R’= tBu.
(ex. Fmoc; Boc). 4) [This work], R= Fmoc;
R'= Si(CH3),tBu; tBu. Boc; R’=tBu; Bn.
5) [This work], R= Fmoc;
Boc; Z., R’= Boc.
Trypto- " 1)[81], R=Boc. R’=H.
phan A 2)[28], R=Fmoc; R’=Boc.
H e L7 3)[97], R=Ddz; R’=Boc.
NH, NH R= protecting gmf}‘f 4)[This work], R= Fmoc;
SZ‘BF(Z"C?%B"C)' Boc. R’=Z.
Proline o N 1)[81], R= Boc.
~ R -
N~ 2)[82], R=Z.
OH 3)[116], R=Fmoc.
NH R= protecting group
(ex. Fmoc; Boc).
Histidine 0 I N;' No precursor
H
N R N \/C V
¢ MC’“ W
HN NH;
R= protecting group
(ex. Fmoc, Boc).
R'=Trt, Boc.
Glycine (0] H 1)[28; 134], R= Fmoc.
2)[135-137], R= Boc.
HZN\)k R™ “NH, -
OH R= Protecting group, 3)[138-140], R=Z.
(ex. Fmoc; Boc or Z)
Asparagine o H 1)[82], R=Boc.
HoN R” N7 conH, [DI[141],R=Z.
OH H
o) NH, R= protecting group,
(ex.Fmoc; Boc).

As it can be seem from the data in Table 6, major part (16 amino acids) have
corresponding aza-precursors bearing different protecting groups making them
suitable for different types of peptide synthesis. Most of them are synthesized
via reductive alkylation of protected hydrazines. At the same time, several
difficulties were encountered during the reductive alkylation of monoprotected
hydrazines. For example, Fmoc-aza-Asp(tBu) precursor was synthesized via
reductive alkylation with glyoxylic acid and subsequent esterification with
CCl;C=NH(OtBu). Yield of the Fmoc-aza-Asp(otBu) precursor was only 20 %.
[28] Additionally, synthesis of the Fmoc-aza-Arg(Boc), precursor was com-
plicated with difficult synthesis of aldehyde (2.3.2; Scheme 53). [116] Also,
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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, a-aza-Ser, Thr and Cys have aminal-like structure and are
unstable. [28; 109] Additionally, there is no literature information about pre-
cursor 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 pre-
cursors are referred as [This work] (Table 6).
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5. CONCLUSIONS

Current thesis describes a new and convenient synthetic procedures for pre-
paration 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),
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, BH;-THF complex was used in the reduction step of this
synthesis.
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SUMMARY IN ESTONIAN

a-asa-aminohapete prekursorite ja nendega sarnaste uhendite
valmistamine kasutades uudseid redutseeriva Uhe-poti
alkuulimise ja otsese alkuiilimise meetodeid

Kéesolev dissertatsioon kirjeldab uusi ja mugavaid a-asa-aminohapete prekur-
sorite ja nendega struktuurilt sarnaste alkiiiilhiidrasiinide siinteesimeetodeid.
Sellised iihendid on téhtsad modifitseeritud peptiidide ja paljude bioloogiliselt
aktiivsete lthendite valmistamisel.

Esiteks, tootati vélja alternatiivne otsest monokaitstud hiidrasiini alkiitilimist
kasutav Fmoc-asa-Arg(Boc), prekursori siinteesimeetod. T66 kdigus uuriti hiid-
rasiini ja 3-bromopropiiiilamiini kaitseriihmade efekte ning leiti antud reakt-
siooni jaoks koige sobivam reagentide suhe.

Teiseks, optimeeriti alkoksiikarboniiiil-kaitstud hiidrasiinide bensiiiilimise tin-
gimusi, uurides kasutatavate solventide, aluste, alkiiiilivate reagentide elektro-
fiilsuse ja reagentide koguste suhte moju. Leitud optimaalsed tingimused olid
rakendatud erinevaid kaitseriihmi kandvatate asa-Tyr ja asa-Trp prekursorite
slinteesis.

Kolmandaks, tootati vilja kaaliumjodiidi (KI) poolt kataliiiisitud kaitstud
hiidrasiinide alkiiiilimise meetod. See meetod pohineb reaktsioonivdoimeliste
alkiiiiljodiidide genereerimisel vdiksema reaktsioonivoimega halogeniididest in
situ ning voimaldab parandada saagiseid ja lilhendada reaktsiooniaegu. Meetodi
efektiivsust tOestati asa-Phe, asa-Asp ja asa-Tyr prekursorite siinteesi kdigus.

Neljandaks, loodi mugav kaitstud alkiililhiidrasiinide {iihe-poti siinteesi-
meetod atsetaalidest ja ketaalidest ning rakendati seda Fmoc-, ja Boc-kaitstud
asa-metioniini prekursorite siinteesiks. Jargnevalt ndidati, et iithe-poti meetod on
edukalt kasutatav enamuse pohiliste funktsionaalrihmade korral nagu eeter,
amiid, sulfiid, nitriil, karbamaat, tsiikliline ja hargnenud alkiiiilriihm. Samal ajal
hiidrasinide kondensatsiooni katsed halogeene, kiillastamata kaksiksidemeid,
aminoriihmasid ning happetundlikke kaitserithmi sisaldavate atsetaalidega ja
ketaalidega ei olnud edukad.

Lopetuseks, iihe-poti siinteesi meetodi rakendatavust laiendati monokaitstud
bensiitilhiidrasiinide siinteesile ja see meetod optimeeriti. Moodustunud hiidra-
sooni kaksiksideme aromatase tuumaga konjugatsiooni tottu kasutati redutseeri-
jana BH;-THF kompleksi.
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