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Alkylhydrazides and their protonated forms: physical methods 
and ab initio calculations 
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The basicity of hydrazides of the highest aliphatic carboxylic acids RC(O) N H N H 2 (R = 
CnH2n+ I, n = 5--12) has been studied by potentiometric titration, and IR and IH NMR 
spectroscopy. Ab initio Hartree--Fock calculations using the 6-31G* basis set with full 
optimization of geometry were carried out on the simplest acylhydrazines and their possible 
protonated forms. Based on these calculations, and the IR and IH NMR spectra, the 
tautomerism of alkylhydrazides and the structures of their protonated forms are discussed. 
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The dist inct ive propert ies  of  the electronic effects in 
hydrazides,  their  chemical  properties,  their biologic ac-  
tivity and o ther  features have received the at tent ion of  
many workers (see, for example Refs. 1--8). But these 
compounds  have not been adequately studied. The higher 
hydrazides o f  a l iphat ic  carboxylic acids (HACA) have 
proved to be very effective extractants of  nonferrous and 
rare metals,  col lectors  o f  potassium chloride. 5,6 The 
basicity o f  some of  the highest members of  the HACA 
series and o f  the tautomeric  and protonated forms of  
acet-  and form-hydraz ides  were studied in this work by 
q u a n t u m - c h e m i c a l  methods  and IR and IH N M R  spec- 
troscopy.  

The basicity of  H A C A  can be defined as pK01 of  the 
conjugated acids o f  the hydrazides formed by the action 
of  strong mineral  acids. The potent iometr ic  t i trat ion 
curves of  H A C A  9 have been used for PKol measurement .  
The PKol value of  the molecule  (Table 1) changes little 
as n varies in H ( C H 2 ) n C ( O ) N H N H 2  (n = 5 to 12), like 
many o ther  propert ies  of  compounds  in the homologous 
series X(CH2),TY (see, for example,  Ref. 10). The melt-  
ing points  of  HACA presented in Table I also increase 

Table !. Basicity dissociation constants (pK01) and 
melting points (T) of hydrazides RC(O)NHNH2 

R PKol 77 °c 

CsH~ 3 . 4 8 _ + 0 . 0 1  69.0--69,5 
C6 H 13 3 . 7 8 _ + 0 . 0 1  79.0--79.5 
C7HI5 3 . 5 0 _ + 0 . 0 3  86.5--87.0 
C~H 17 3.74+0.02 90,0--90.5 
CgHI9 -- 91,0--91.5 
CIoH21 3 .57_+0.11  100.0--1005 
C12H25 3,42_+0.01 105,0--106.0 

successively as n increases. Their  values are close to 
those from Refs. 2 and I1. 

It appears that only in the protonated form are 
HACA effective extractants o f  rare and nonferrous met-  
als as well as collectors of  potassium chloride.  5,6 A 
considerat ion of  the reactivity of  some simple hydrazides 
shows that the 13-N a tom is the most nucleophil ic .  In 
some cases substitution can also take place at the cc-N or  
O atom (see, for example,  Ref. 7). It can be assumed 
that protonat ion is also most probable at the 13-N atom. 
At the same t ime the carbonyl  oxygen a tom is the most 
electronegative in the HACA molecule,  and seemingly 
should have the highest negative charge. This is the 
oxygen atom that is usually protonated  in R C ( O ) N R ' R "  
amides  (see, for example Refs. 4, 7). 

To establish the structure of  the pro tona ted  form of  
HACA we recorded IH N M R  and IR-spec t ra  of  some o f  
these compounds  and their  HCI salts, and also carried 
out  ab initio calculat ions of  possible tau tomer ic  and 
protonated  forms of  formyl-  and acetylhydrazines.  In all 
cases the origin of  the coordina te  system was placed at 
the nucleus of  the O atom, the x axis was di rected 
perpendicular  to the plane of  the molecule,  and the z 
axis was directed along the O - - C  bond. 

Experimental 

The HACA studied were prepared using Curtius method by 
the interaction of the respective carboxylic acids with hydra- 
zinc hydrate 12 and purified by recrystallization from ethanol. 
The concentration of the main component (>97%) was deter- 
mined by potentiometric titration in a non-aqueous solvent, s,13 
The protonation constants of the hydrazides were measured 
potentiometrically in methanol, sA3 A solution of H2SO 4 (0.5 M) 
in methanol seasoned for no less then a week was used as the 
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titrant. Potentiometric titration curves were based on the 
results of measurements with an EV-74 ionometer using an 
ESL-43-07 glass indicator electrode at ~20 °C. 

The IR spectra of the compounds studied were recorded in 
vaseline oil with a Specord MB0 spectrophotometer; I H NM R 
spectra were recorded with a Tesla BS 587A FT NMR spec~ 
trometer (working frequency 80 MHz). 

Ab initio calculations of the tautomeric forms of acetyl- 
hydrazine and of the protonated forms of formylhydrazine 
were carried out with full optimization of geometry at the 
Hartree-Fock level with split valence 6-31G* basis using the 
Gaussian 92 for Windows program (Gaussian Inc.L 14 

Results and Discussion 

By analogy to R C ( O ) N H O H  hydroxamic acids and 
taking into account  the possibility of  O ~ N  rearrange- 
ment  in HACA molecules  (see, for example Ref. 7), 
one can suggest the existence of  the HACA molecules as 
two tautomeric  forms (I  and 2): 

O OH # / 
R--C R i C  \ ',', 

N H - - N H  2 N - - N H  2 

1 2 

According to the X-ray data,  the hydrazides of, e.g., 
octan-  and undecan - I  carboxylic  acids 15J6 in the solid 
state exist in form 1. This is also evidenced by published 
IR spectra (see, Refs. 2, 4), and by the IR spectrum of 
C H 3 C ( O ) N H N H  2 obta ined by us, which almost  com-  
pletely coincides  with that  previously recorded.  

HACA have the same structure in solution, as can be 
seen from their  IH N M R  spectra. 17 The IH N M R  spec- 
trum of  acetylhydrazine obtained by us in CDCI 3 (~23 °C) 
has only one narrow intense signal (8 1.97 ppm),  assigned 
to the CH 3 group, and two wide signals (8 4.29 and 
7.98 ppm),  assigned to NH 2 and NH,  respectively. 

An a n a l o g o u s  IH N M R  s p e c t r u m  of  
C H 3 C ( O ) N H N H  2 was obta ined in D M S O  (8(CH 3) 
1.75 ppm, 8(NH 2) 3.66 ppm and 8(NH)  8.91 ppm). 

According to the ab initio calculat ions of  the l a  and 2a 
tautomeric  forms of  acetylhydrazine ,  the l a  form is 
energet ical ly more favorable. 

H~4~H(5) H~4~H(5) 

C(3)--H(6) ?(3)--H(6) / 
0(1)=C~2) /H(IO) - 2(1)--C~k(2) /H(IO) 

H/N(7)--N(9) H(8) N(7)-- N~9) 
(8) kN(11) H(11) 

l a  2 a  

Its total energy ( -7155.687 eV) is ~14 kcal • tool - I  lower 
than that of  the 2a form (-7155.081 eV). The results of  
the opt imiza t ion  of  geometry  are presented in Table 2. 
As judged front the dihedral  angles, the C C ( O ) N H N  
and C C ( O H ) N N  fragments of  l a  and 2a, respectively,  
are essentially planar,  which agrees with the X-ray struc- 
tures of  the hydrazides of  oc tan-  and u n d e c a n - l - c a r -  
boxylic acids. 7J5,16 Tile calculated bond lengths and 
valence angles (see Table 2) are also in reasonable 
agreement  with the exper imental  data: in the hydrazide 
of  oc t an - I - ca rboxy l i c  acid is the C = O ,  C - - N ,  and N - - N  
bond lengths are equal to 1.249, 1.329, and 1.415 A, 
respectively, and the CCO,  C C N ,  N C O ,  and C N N  
angles are 122.5 ° , 116.6 ° , 120.9 ° , and 123.0°; in the 
hydrazide of  u n d e c a n - l - c a r b o x y l i c  acid 16 these bond 
lengths and angles are equal to 1.211, 1.332, and 1.392 A; 
128.2 °, 116.9 °, 114.8 °, and 130.0 °, respectively.  

Ab mitio calculat ions of  the C H 3 C ( O ) N H N H  2 mol-  
ecule show that  the O and N a toms charges are very 
close (Table 3). In addi t ion,  the a - a t o m  N has the 
highest negative charge,  the charge on the 13-N a tom is 
somewhat  less, and that on the O atom is still less. If 
one assumes that  a proton would at tach itself to the 
atom with the highest e lectron density,  then the most 
favorable protonat ion  sites of  hydrazides should be the 
a -  or 13-N atoms. 

The IH N M R  spectra of  C H 3 C ( O ) N H N H  2"HCI ,  
and C H 3 C ( O ) N H N H  2, in D M S O  each have one narrow 
signal (8 1.95 ppm) corresponding to the methyl  group 
and two wide signals (8 ~4.2 and ~11.0 ppm) corre- 

Table 2. Bond lengths (d), bond angles (ct), and dihedral angles (l~) optimized at the RHF/6-31G* level 

Bond d/~, Angle c~/deg Angle ff/deg 

la 2a la 2a la 2a 

O(I)--C(2) 1.199 1 . 3 3 7  O(I)C(2)C(3) 123.1 II 1,8 O(I)C(2)C(3)H(4) -120.2 -58.4 
C(2)--C(3) 1.510 1 . 4 9 7  C(2)C(3)H(4) 110.8 1 0 8 . 9  O(I)C(2)C(3)H(5) 03 584 
C(3)--H(4) 1.083 1 . 0 8 4  C(2)C(3)H(5) 107.9 1 0 8 . 9  O(I)C(2)C(3)H(6) 120.9 180.0 
C(3)--H(5) 1.080 1.084 C(2)C(3)H(6) 110.9 II1.1 O(1 )C(3)C(2)N(7) 180.2 180.0 
C(3)--H(6) 1.083 1 . 0 7 7  C(3)C(2)N(7) 116.9 1303 O(I)C(2)N(7)H(8) 0.9 -- 
C(2)--N(7) 1361 1256 C(2)N(7)H(8) 116.1 -- O(I)C(2)N(7)N(9) 1789 1800 
N(7)--H(8) 0.998 --  C(3)N(7)N(9) 123~1 1 1 4 . 8  C(2)N(7)N(9)H(10) -118.5 -124.6 
N(7)--N(9) 1.383 1 . 4 2 4  N(7)N(9)H(10) 110.6 1 0 5 . 6  C(2)N(7)N(9)H(I I ) 1204 124.7 
N(9)--H(10) IO01 1 . 0 0 3  N(7)N(9)H(I 1) 110.5 1 0 5 , 6  N(7)C(2)O(I )H(8) -- 0.0 
N(9)--H(I I) 1.000 1 . 0 0 3  C(2)O(I)H(8) -- 107.7 
O(I)--H(8) --  0.952 
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T,,ble 3. Ab initio calculated total energies (E) and charges on atoms (q) of molecules la--5a 

Mole - E/eV q/e 

ct,le O(I) C(2) C(3) H(4) H(5) H(6) N(7) H(8) N(9) H(10) H(I I) 

l a  -7155.698 -0.60 0.74 -0.56 0:19 0.2-0 0.19 -0.63 0,38 -0.62 0,36 0.36 
2a ~7155.081 -0.71 0.66 -0.56 0.19 0.19 0~23 -0.50 0.46 -0.67 0.35 0.35 

O(I) C(2) H(3) N(4) H(5) N(6) H(7) H(8) H(9) 

3a -6101.795 -0.41 0.50 0.21 - 0 5 7  0.46 -0.65 0.48 0.49 050 
4a -6101.539 -0.32 0.47 0.30 -0.65 0.47 -0.61 044 0.42 0.48 
5a -6102.189 -0.58 0.57 033 -0.52 0.46 -0.61 0.42 0.42 0.52 

sponding to hydrogens bonded to 13- and c~-N atoms,  
respectively. The ratio of  the integral intensities of  the 
lines in the highest and the lowest fields is 3 : I. The 
integral intensity of  the central signal is several t imes 
higher than that  of  the CH 3 signal. When the concent ra-  
tion of  the substance in solution increases, this central 
signal shifts downfield (to ~8.4 ppm). In addit ion,  the 
signal of  the methyl group does not shift much, while 
the signal of  the NH group at first stays in the same 
place,  but with a significant increase in concentrat ion it 
shifts upfield region and becomes masked by an adjacent  
intense broad signal. 

One can suggest that the central line is the result of  
the superposi t ion o f  the signals of  the H atom bonded to 
the t3-N atom and that of  the water, occurring in the 
solution. This spect rum does not allow one to determine 
the number  of  H a toms at the [3-N atom. We expected 
the IH N M R  spect rum of  C H 3 C ( O ) N H N H  2"HCI  ira 
CDCI 3 to be more informative.  But the substance does 
not significantly dissolve in this solvent at room tem-  
perature.  When C H 3 C ( O ) N H N H  2" HCI ira CDCI 3 is 
heated up to 333 K its solubil i ty increases only insignifi- 
cantly,  and its spect rum is also proved to uninformative. 

In the spect rum of  C H ] ( C H 2 ) T C ( O ) N H N H z "  HCI 
in D M S O  there are two distinct triplets: (5(CH 3) 0.8 ppm 
and 8(CH2) 2.2 ppm),  an unresolved mult iplet  (~5(CH2) 
1.5 ppm),  and over lapping it an intense signal (c3(CH2) 5 
1.2 ppm).  This whole col lect ion of  signals corresponds 
to the CH3(CH2) 7 group. In the IH N M R  spectrum of 
this substance there are also two broad signals, one 
intense, the other  weak. When the concentra t ion of  the 
substance iq solut ion increases, both signals shift at first 
downfield region (the intense one - -  from ~3.4 to 
~9.2 ppm, the weak o n e - -  from ~10.8 to~12.1  ppm),  
and then in the reverse direction.  As this takes place the 
widths of  the signals change.  

This pat tern of  changes in the IH N M R  upon con-  
cent ra t ion  variat ion is probably de termined by peculiari-  
ties of  the format ion of  hydrogen bonds. The integral 
intensit ies of  the signals in this spectrum show that one 
H atom is connec ted  to the c~-N atom. The number  of  H 
a toms at the []-N atom remains  still unknown. 

The IR spectrum of CH3C(O)NHNH2"  HCI recorded 
by us has the characteristic bands Is'19 of  (RNH3)+A - at 
3150 and 3100 cm -I (vNH]) ,  complex bands at 2670 and 

1954 cm - I ,  as well as a band at 1582 cm -I (6NH3). In 
this spectrum the band at 3268 cm - l  can be assigned to 
v(NH) vibration, and the bands at 1682 and 1672 cm -I 
can be assigned to C = O  vibrations (free and bound). The 
band at 1528 crn -I  was assigned to the vibration modes of  
form 2 (vCN + 6NH),  the bands at 1454 and 1378 cm -I  
were assigned to ~5(CH]), and the band at 1270 cm - t  
corresponds to a vibration mode of  form 3. 

Thus the ~H N M R  spectra show that in the pro to-  
nated form ofa lky l  hydrazides one H atom is connec ted  
to the ct-N atom, which is compat ib le  with structures 3 
and 5. The IR spectrum of  C H 3 C ( O ) N H N H  2 " H C I  
most closely corresponds to structure 3. Based on these 
exper imental  data  one can assume that protonated  form 
3 is the most probable for alkylhydrazides.  

o 

R--C--NH--NH 3 

3 

~(1} HI7) 1 + 
H(3)--C(2)--N(4)--N(6)H(8) 

{ I 
H(5) H(9) 

3a 

I R ~ O_NH2_NH21 ÷ 

4 

H{3)--C(2)--N(4)--N(6) 
I I 
H(5) H(8) 

4 a  

I ?'" 1" R--C"- -'NH__NH 2 

5 

H(3) - -  C(2)'::-:N(4) - -  N(6) 
I I 
H(5) H(B) 

5a 

The ab initio calculations of  possible protonated forms 
of  formylhydrazine show form 5a to be energet ical ly  
most favorable; it is more stable than form 3a by 
-9. t kcal" tool - I ,  and more stable than form 4a by 
15.0 kcal" tool -I  (see Table 3). In addi t ion,  the highest 
negative charge in forms 3a and 5a is localized on the 
[~-N atom, and in form 4a on the cL-N atom. Ill forms 3a 
and 4a the O atom has the least negative charge,  and in 
form 5a the ct-N atom has the smallest  negative charge.  
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The positive charge in all three forms is distributed on 
the C and H atoms. The discrepancy between the ex- 
perimental and calculated results is probably due to the 
presence of  intermolecular hydrogen bonds in HACA 
that are not taken into account  in the calculations. 

it is assumed that in molecules having a - -C (O)N 
group (amides, imides, hydrazides, etc.) the lone pair of  
the N atom participates in p,rc-conjugation with the 
n-electron system of  the carbonyl group. This conjuga- 
tion explains the geometry of  above mentioned mol- 
ecules, the existence of  strnctural isomers, and many of  
their chemical and physical properties (see, for example, 
Ref. 7). The results of  studies of  conjugation in different 
compounds  (carboxylic acid chlorides, substituted ethyl- 
enes, etc.) by 35CI N Q R  and quantum chemical methods 
show that its role is grossly exaggerated. Explaining 
some of  the properties of  the compounds  by conjugation 
makes no sense (see, for example, Refs. 20--23). The 
same is true for molecules having a - -C (O)N group. 

The C C ( O ) N H N  fragment in the C H 3 C ( O ) N H N H  2 
molecule is essentially planar (see above). Ab initio cal- 
culations of  this molecule show that the O atom of the 
carbonyl group has an excess of  p~(px)-electron density 
(Np.~(O) = 1.497e), while the C atom has a deficit 
(Npx(C) = 0.636e). This is caused by polarization of  the 
C = O  bond by the nearest O atom, as well as by the 
negatively charged N atom directly through field (see, 
for example, Refs. 23--25). The population of  the Px-AO 
of  the C and O atoms is slightly higher than 2e (2.133e). 
This excess on the carbonyl group is created at the 
expense of  other  atoms of  the molecule, and also in- 
volves the shift o f  the lone pair electrons of  the ct-N 
atom (the population o f  its AO Npx(N) = 1.807e). The 
deficit of  electrons on this AO (0.193e) exceeds the 
excess on the carbonyl group atoms. It seems likely that 
the lone pair orbital of  the ot-N atom is delocalized 
across the other  atoms of  the molecule. 

The results of  the calculations of  the AO populations in 
the C H 3 C ( O ) N H N H  2 molecule do not allow one to say 
what contribution each atom of the molecule brings to the 
excess px-electron density, and consequently, what part of 
this excess is caused by p,rc-conjugation of  the lone pair of 
ct-N atom electrons with the n-system of the carbonyl 
group. An analysis of  the MOs of the CH3C(O)NHNH 2 
molecule shows that none of  them is formed mainly at the 
expense of  the px-AO of the O and C atoms of  the carbonyl 
group, or of  the a - N  atom. All MOs having a contribution 
from the pr-AO of these atoms also have similar contribu- 
tions from the px-AO of the other atoms of the molecule, 
forming a multicentered bond. 

The authors express their sincere gratitude to G. S. 
Beloglazov for the help with the ab initio calculations. 
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