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Abstract

The conformational analysis of 1-acetyl-2-methylhydrazine was performed using DNMR spectroscopy and quantum chemi-
cal calculations (B3LYP/6-31+G*, AM1 and PM3). Activation barrier for interconversion of Z and E conformers was
measured to be 16.1 kcal/mol by DNMR. DFT calculations indicate that there are four minima on the 1-acetyl-2-methylhy-
drazine potential energy surface and the most stabile is Z conformer with the hydrogen bond between carbonyl group oxygen
and hydrogen at non-amide nitrogen. The amide nitrogen was found to be close to planar in minima but strongly pyramidalized
in TS. The activation barriers calculated at B3LYP/6-31+G¥* level of theory were in good agreement with experimentally
measured one. AM1 method with molecular mechanics correction gave potential energy surface in reasonable agreement with
DFT results, but the activation energies were strongly underestimated. PM3 method was found to give unsatisfactory results for

conformational analysis of 1-acetyl-2-methylhydrazine. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Substituted hydrazines represent an important class
of compounds due to the role these compounds play as
peptidomimetics [1-3] and nonsteroidal ecdysone
agonists [4,5]. Moreover, hydrazine plays a very
important role in the production of pharmaceuticals,
agrochemicals and dyestuffs [6—8]. The extent to
which substitution affects the structure and dynamics
of C—N and N-N bonds in substituted hydrazines is a
critical issue both from the standpoint of a proper
understanding of this functional group in its above-
mentioned applications and for fundamental physical
organic chemistry.

* Corresponding author. Tel.: +37-27-375243; fax: +37-27-
375243.
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Several systematic methods have been developed
recently for the synthesis of substituted hydrazines
[9-12]. Extremely complex NMR spectra were
obtained for pure tetrasubstituted hydrazines synthe-
sised by such a systematic approach [11,12]. These
spectra can be interpreted as those of the mixture of
different conformers. In the earlier NMR studies of
acyclic diacylhyrazines [13,14] very high (sometimes
greater than 20 kcal/mol) barriers of rotation have
been measured. It has been suggested [15] that these
barriers correspond to amide bond. Some authors
[14,16] have proposed that relatively high barriers to
rotation around N—N bond measured for tetraalkylhy-
drazines are caused by severe sterical interactions
between the bulky substituents.

The conformational isomerism in substituted
hydrazines have been investigated by using a variety
of methods such as DNMR spectroscopy [13-15],
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Table 1

'H and “C chemical shifts of 1-acetyl-2-methylhydrazine. Values in parenthesis are 2J(to CO) or °J (to CH;) from NH proton, in Hz

Solvent Conformer Acetyl methyl Acetyl-NH or CO Methyl-NH Methyl
'H CDCl4 Z 1.88 8.82 4.67 2.51
CDCl, E 2.03 8.23 3.82 2.53
DMSO Z 1.74 9.25 4.75 2.39
DMSO E 1.88 8.29 3.38 241
B¢ CDCl; Z 20.96 (<1) 169.55 (9.0) - 38.89
CDCl; E 19.20 (4.6) 176.18 (3.9) - 39.63
DMSO Z 20.71 168.00 - 38.62
DMSO E 19.44 173.51 - 39.09

molecular mechanics (MM) [17] and quantum
chemical calculations [17-22]. The applied theoreti-
cal approaches for determining the rotational barriers
include the transition state search and the calculation
of energy profile of the rotation and are quite close to
those used in the conformational analysis of amides
[22-26]. The calculation of potential energy surface
can be a method of choice for molecules possessing
several bonds with comparable rotational barrier
[27,28].

The analysis of the conformational space of the
complex tetrasubstituted hydrazine molecules by
high-quality quantum chemical methods like ab initio
calculations can be very time consuming. In the
current work we have used 1-acetyl-2-methylhydra-
zine as a model compound to study conformational
preferences of substituted hydrazines and also to test
semiempirical and DFT calculations for the confor-
mational analysis of hydrazines.

2. Experimental

1-Acetyl-2-methylhydrazine was synthesised by
the known procedure of Condon [29]. Dynamical
NMR spectroscopy experiments were carried out at
500.13 MHz from 0.7 M DMSO-d¢ solution on the
Bruker AMX500 instrument.

Density functional calculations at B3LYP/6-
31+G* level were performed using the Gaussian 98
program package [30]. Semiempirical AM1 and PM3
calculations were performed using MOPAC 7.0 [31].

To find minima on potential energy surface, in all
cases all possible conformers obtained by rotations
around amide and N-N bonds were optimized and
obtained structures analyzed using frequency calcula-

tions at respective levels of theory. Transition states
(TS) between all unique minima were sought using
SADDLE algorithm [32] in MOPAC and QST2
algorithm [33,34] in Gaussian. Obtained candidates
for TS were then further optimized and confirmed as
TS by frequency calculations (number of imaginary
frequencies equals 1 for TS). Further, minima
connected by each found TS were sought by IRC
calculations.

3. Results and discussion
3.1. DNMR measurements

At room temperature two conformers in the ratio 9/
1 are observed in CDCl; as well as in DMSO solution.
These two conformers result from the restricted rota-
tion around CO—NH bonds and are assigned as Z and
E conformers. More abundant is the Z conformer on
the basis of analogy with the assigned conformers of
1-acetyl-2-phenylhydrazine [35] and our systematic
study of the series of acylsubstituted hydrazines
[36]. Additional confirmation to the correct assign-
ment of conformers in the present case is obtained
from the values of the *J coupling constant from
acetyl methyl carbon to NH proton, which gives in
trans orientation 4.6 Hz; and in cis orientation it is
less than 1 Hz (Table 1).

For the DNMR measurements acetyl protons are the
best choice, being separated at low temperature by
70 Hz. NH protons cannot be used due to the multisite
exchange with the water always present in DMSO and
the difference in NMe protons is too small to be useful
for the exchange rate calculation. Rate constants were
obtained by the comparison of experimental (Table 2)
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Table 2
DNMR measurements of 1-acetyl-2-methylhydrazine

Temperature, K Rate of interchange k

316 1
328 2.8
336 49
348 13.8
350 15.5
356 23
362 29
368 42

and calculated by GNMR program (Cherwell Scientific)
spectra. The dependence of log(k/T) on the T was
obtained as equation log(k/T)=10.32 — (AH"
19.147)+(AS/19.14) with the following statistical
parameters R =0.995, SD=0.0394. From that
equation the thermodynamical parameters were
calculated resulting in AH*=16.1 = 0.4 kcal/mol;
AS* = —7.4 + 1.3 cal/(K X mol).

3.2. DFT calculations

DFT calculations yielded four minima on the
potential energy surface given on Scheme 1 and
Table 3, corresponding to two Z and two E confor-
mers. It should be noted that in all cases the amide
group was almost planar and the exact planar forms

Minima

Ac(Z)

Table 3

Total energies (E) and enthalpies (H) of minima and transition states
found on the potential energy surface of 1-acetyl-2-methylhydra-
zine at B3LYP/6-31 + G* level of theory. All values in a.u.

E H
1 —303.8568 —303.7287
2 —303.8539 —303.7263
3 —303.8499 —303.7222
4 —303.8487 —303.7212
1-3 —303.8200 —303.6941
1-4 —303.8459 —303.7194
2-3 —303.8429 —303.7161
2-4 —303.8263 —303.7002

were only ca 0.3 kcal/mol less stable than slightly
pyramidalised forms.

The most stable Z conformer 1 is stabilized by the
hydrogen bonding between the carbonyl group
oxygen and neighbouring N-H hydrogen as
evidenced by the relatively short N...H distance
(2.4 Angstroms). Similar hydrogen bonding has
earlier been reported for 1,2-diacylhydrazines [19—
22]. The next stable E conformer 2 has both carbonyl
and acyl groups rotated by almost 180° and is less
stable by 1.5 kcal/mol. The two remaining £ and Z
conformers (3, 4.1 kcal/mol less stable than 1 and 4,
4.7 kcal/mol less stable than 1) have energies too high
to be observed experimentally. At the same time

Ac(E)

H H
ME\Cp/ H Me\qu MC\Cp/ H Me\gb/n
H

Ac(E) H (D)Ac
1 2 3 4
0.0 1.8 43 5.1
0.0 15 41 47

Transition states

Ac(gauche)
Me\@/H I;'{c(Z)
13 1-4
23.1 18.8 6.8 1.8
21.7 17.6 58 1.1

ﬁrx&

(E)Ac Ac(E)
2-4 23
17.3 14.1 6.9 4.4
16.4 13.2 6.4 3.8

Scheme 1. Minima and transition states found on the potential energy surface of 1-acetyl-2-methylhydrazine at B3ALYP/6-31 + G* level of
theory. Roman numbers give relative energies and italics relative enthalpies (for minima relative to most stable conformer, for TS relative to

respective minima) in kcal/mol.
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Fig. 1. The energy pathways for interconversion of most stable Z and E conformers (1, 2) calculated at B3LYP/631 + G* level of theory.

calculated energies of the most stable Z and E confor-
mers 1 and 2 reproduce quite well the observed
conformational equilibrium (1.5 kcal/mol energy
difference corresponds to 93:7 ratio of Z and E
conformers).

Transition states on the B3LYP/6-31+G* poten-
tial energy surface are presented in Scheme 1.
First it should be noted that the amide nitrogen
is clearly pyramidal in all TS, while in the
minima it is close to planar. All TS found corre-
spond to the rotation around either the N-N or
amide bond, so that we do not have a direct path-
way between most stable conformers 1 and 2. The

Table 4

Heats of formation (AH;) of minima and transition states found on
the potential energy surface of 1-acetyl-2-methylhydrazine at AM1
level of theory. All values in kcal/mol

AH; (NOMM) AH; (MMOK)

1 —20.41 —20.04
2 —18.12 —17.63
3 —18.65 —18.36
4 —14.76 —13.92
1-3 —12.85 —7.88
1-4 —14.54 —13.82
2-3 —17.28 —16.36
2-4 —9.69 —6.92
3-4 —12.07

conversion of 1 to 2 must thus involve either
conformer 3 or 4 as an intermediate. The energy
pathways for both mechanisms are given on Fig.
1. Both of them involve one low barrier (5.8 and
6.4 kcal/mol for mechanisms 142 and 123, respec-
tively) rotation around the NN bond and one high
barrier (21.7 and 16.4 kcal/mol for mechanisms
142 and 123, respectively) rotation around the
amide bond. The 142 mechanism is the energeti-
cally favourable interconversion pathway due to
lower (by 5.3 kcal/mol) calculated energy barrier.
The calculated activation enthalpy for the high
barrier rotation of 1-4-2 mechanism (16.4 kcal/
mol) is also in very good agreement with the
experimentally observed value (16.1 kcal/mol).

It should be noted that despite the fact that TS
connect two minima corresponding to rotation around
single bond the TS (except for 1-5) do not correspond
to the eclipsed but rather to the gauche conformers.
The rotations around the single bond are always
accompanied by considerable changes in the pyrami-
dalization of amide nitrogen and also rotations around
the other bonds, thus making eclipsed conformations
correspond to the higher order saddle points.

3.3. Semiempirical methods

A known deficiency [37] of all semiempirical
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Minima
Ac(Z)
Me\d>/ Me\@/ Ac(E H
(E)AC (Z)Ac
1 4
0.0 2.3 1.8 5.7
Transition states
Ac(gauche)
Me H Me H H Me H IT Me H Me H H
H (Z)Ac Ac(gauche) H Ac(E) Ac(gauche)
1-3 1-4 2-4 2-3 3-4
7.6 5.8 5902 8.4 5.1 0.8 1.4 6.6 2.7

Scheme 2. Minima and transition states found on the potential energy surface of 1-acetyl-2-methylhydrazine at AM1(NOMM) level of theory.
Roman numbers give relative heats of formation (for minima relative to most stable conformer, for TS relative to respective minima) in kcal/

mol.

methods of MNDO family (MNDO, AMI1, PM3)
are significantly lower predicted rotational barriers
around amide bonds compared to experimentally
observed ones and the tendency to overestimate
the stability of pyramidal nitrogens compared to
planar ones. To correct this molecular mechanics
correction has been proposed [38], which consists
of adding a torsional potential to the X-N-C-O
angle (X=R or H). In the current work we have
tested both purely quantum mechanical approach
(NOMM) and molecular mechanically corrected

method (MMOK) as implemented in MOPAC 7
program package.

Results of AMI calculations are presented in Table
4. Purely quantum chemical approach (NOMM)
yields 6 minima on the AM1 potential energy surface.
However, as two of them were energetically well
above the minima 1 and 3, respectively, and separated
from these minima by the activation barriers less than
0.1 kcal/mol, we did not consider them as individual
entities. The remaining four minima are presented in
Scheme 2.

Minima
%) H AC(E)
H (E)Ac (2)Ac
0.0 2.4 1.7 6.1
Transition States
auche)A H
(g Me\)QCD/H MeHN/H Me\/®;H Me- i H
H Ac(Z) H Ac(E) Ac(gauche)
1-3 1-4 2-3 2-4
12.2 10.5 6.2 0.1 1.3 2.0 10.7 7.0

Scheme 3. Minima and transition states found on the potential energy surface of 1-acetyl-2-methylhydrazine at AM1(MMOK) level of theory.
Roman numbers give relative heats of formation (for minima relative to most stable conformer, for TS relative to respective minima) in kcal/
mol.
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The geometries of obtained minima are somewhat
different from the DFT ones—in all cases the amide
nitrogens were clearly pyramidal (dihedral angles C-
N(-N)-H were 120-130°). Also, the ordering of
conformations 2 and 3 is reversed. It seems that
AMI1 overestimates the stability of conformer 3 by
ca 2 kcal/mol.

Transition states obtained with AM1/NOMM are
also somewhat different from those obtained with
DFT method. The geometries of TS between minima
2 and 3, and 1 and 3 are quite similar to those obtained
at B3LYP/6-31+G* level, while the other two are
quite different from their DFT counterparts—in both
cases the amide nitrogen is inverted and in the case of
TS between minima 2 and 4 also the carbonyl group
has gauche rather than trans orientation relative N-N
bond. There is also additional TS between minima 3
and 4. The barriers for rotations are clearly underes-
timated compared to DFT results.

Application of the force field correction to the AM1
method yields 4 minima on the potential energy
surface (Scheme 3). The geometries of these minima
are quite close to DFT results. However, the ordering
of minima 2 and 3 is still opposite to that of the
B3LYP/6-31+G* results as was the case with AM1/
NOMM results.

Four transition states were obtained with the AM1/
MMOK method. The geometries of these TS were
reasonably close to the DFT ones. However, the corre-
sponding activation energies were still underesti-
mated as was the case with the AM1/NOMM method.

Similar to AM1, the PM3 method can also be used
either without or with force field correction to the amide
linkage. The approach without molecular mechanic
corrections (PM3/NOMM) gave us unexpectedly 8
minima on potential energy surface. Two of them, the
most and least stable ones, were energetically clearly
separate from others, which differed in energy scale
only by less than 0.5 kcal/mol and were separated
from each other by the barriers less than 0.2 kcal/mol
high. The application of force field correction did not
improve the situation—there were now 10 minima,
which were spread over 1 kcal/mol range in energy
scale and had rather low interconversion barriers
between them. We concluded that PM3 method was
not suitable for conformational analysis of 1,2-substi-
tuted hydrazines due to the unreasonably high number
of minima on the potential energy surface.

4. Conclusions

Dynamical NMR measurements of acetyl protons
interchange were carried out in DMSO solution. The
enthalpy of activation for the reaction of conforma-
tional change was calculated tobe AH* = —16.1 + 0.4
kcal/mol. Comparison of this value with calculated
rotational barriers of 1-acetyl-2-methylhydrazine indi-
cates that results of DFT calculations at B3LYP/6-
31+G* level were in good agreement with DNMR
experiment. Predicted relative populations of Z and E
conformers are very close to the experimental result.
Semiempirical methods AM1 and PM3 overestimate
the number of minima and underestimate the rotational
barriers. However, the force field correction remark-
ably improves the quality of AM1 results. Thus, AM1
with MM correction can be considered a suitable
method for the conformational analysis of hydrazines
with large substituents where the DFT or ab initio
calculations are too time-consuming.

DFT calculations indicate that there are four
minima on the 1-acetyl-2-methylhydrazine potential
energy surface and the most stabile conformer 1 has
hydrogen bond between carbonyl group oxygen and
hydrogen at non-amide nitrogen. The amide nitrogen
was found to be close to planar in minima but strongly
pyramidalized in TS.

References

[1] F. Andre, A. Visherat, G. Boussard, A. Aubry, M. Maraud, J.
Pept. Res. 50 (1997) 372.

[2] G. Bold, A. Faessler, H.-G. Caprano, R. Cozens, T. Klimkait,
J. Lazdins, J. Mestan, B. Poncioni, J. Roesel, D. Stover, M.
Tintelnot-Blomley, F. Acemoglu, W. Beck, E. Boss, M.
Eschbach, T. Huerlimann, E. Masso, S. Roussel, K. Ucci-
Stoll, D. Wyss, M. Lang, J. Med. Chem. 41 (1998) 3387.

[3] J. Gante, M. Krug, G. Lauterbach, R. Weitzel, W. Hiller, J.
Pept. Sci. 1 (1995) 201.

[4] T.S. Dhadialla, R.K. Jansson, Pestic. Sci. 55 (1999) 357.

[S] M. Sestovic, P. Vuksa, D. Matijevic, 1. Elezovic, Pesticidi 12
(1997) 153.

[6] U. Jensen-Korte, in: D. Klamann (Ed.), Methoden der Orga-
nishen Chemie (Houben-Weyl), vol. 16a, 4th ed., Thieme,
Stuttgart, 1990, p. 421.

[7] B.R. Brown, The Organic Chemistry of Aliphatic Nitrogen
Compounds, Clarendon, Oxford, 1994.

[8] A.R. Katrizky, L. Wu, S. V. Verin, Synthesis, 1995, 651 and
references therein.

[9] U. Méeorg, L. Grehn, U. Ragnarsson, Angew. Chem. 108
(1996) 2802.



O. Tsubrik et al. / Journal of Molecular Structure (Theochem) 546 (2001) 119—-125 125

[10] U. Mieorg, L. Grehn, U. Ragnarsson, Angew. Chem. Int. Ed.
Engl. 35 (1996) 2626.

[11] U. Méeorg, U. Ragnarsson, Tetrahedron Lett. 39 (1998) 681.

[12] U. Méeorg, T. Pehk, U. Ragnarsson, Acta. Chem. Scand. 53
(1999) 1127.

[13] J.R. Fletcher, 1.O. Sutherland, J. Chem. Soc., Chem. Commun.
(1969) 706.

[14] G.J. Bishop, B.J. Price, 1.O. Sutherland, J. Chem. Soc., Chem.
Commun. (1967) 672.

[15] P. Bouchet, J. Elguero, R. Jacquier, J. Pereillo, Bull. Soc.
Chim. Fr. 6 (1972) 2264.

[16] S.F. Nelsen, S.C. Blackstock, P.A. Petillo, H. Agmon, M.
Kaftory, J. Am. Chem. Soc. 109 (1987) 5724.

[17] B. Ma, J. Lii, K. Chen, N.L. Allinger, J. Phys. Chem. 100
(1996) 11297.

[18] K.Ogawa, Y. Takeuchi, H. Suzuki, H. Yoshida, J. Mol. Struct.
126 (1985) 445.

[19] C.H. Reynolds, R.E. Hormann, J. Am. Chem. Soc. 118 (1996)
9395.

[20] S. Chakravorty, C.H. Reynolds, J. Mol. Graph. and Modelling
17 (1999) 315.

[21] M. Thormann, H.-J. Hofmann, J. Mol. Struct. THEOCHEM
469 (1999) 63.

[22] F. Ramondo, L. Becivenni, J. Chem. Soc. Perkin Trans. 2
(1995) 1797.

[23] K.B. Wiberg, J. Am. Chem. Soc. 117 (1995) 4261.

[24] R. Fossheim, T. Gulbrandsen, H. Priebe, A.J. Aasen, Acta
Chem, Scand. 49 (1995) 589.

[25] U. Berg, N. ;\Strém, Acta Chem, Scand. 49 (1995) 599.

[26] G. Sauter, E. Stulz, C. Leumann, Helv. Chim. Acta 81 (1998) 14.

[27] J.1. Seeman, J.B. Paine, H.V. Secor, H. Im, E.R. Bernstein, J.
Amer. Chem. Soc. 114 (1992) 5269.

[28] M. Ramek, C. Yu, L. Schifer, Can. J. Chem. 76 (1998) 566.

[29] F. E, Condon, J. Org. Chem. 37 (1972) 3608.

[30] M.J. Frisch, G.W. Trucks, H.B. Schlegel, G.E. Scuseria, M.A.
Robb, J.R. Cheeseman, V.G. Zakrzewski, J.A. Montgomery,
Jr, R.E. Stratmann, J.C. Burant, S. Dapprich, J.M. Millam,
A.D. Daniels, K.N. Kudin., M.C. Strain, O. Farkas, J. Tomasi,
V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C.
Adamo, S.Clifford, J. Ochterski, G.A. Petersson, P.Y. Ayala,
Q. Cui, K. Morokuma, D.K. Malick, A.D. Rabuck, K. Ragha-
vachari, J.B. Foresman, J. Cioslowski, J.V. Ortiz, A.G.
Baboul, B.B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, 1.
Komaromi, R. Gomperts, R.L. Martin, D.J. Fox, T. Keith,
M.A. Al-Laham, C.Y. Peng, A. Nanayakkara, C. Gonzalez,
M. Challacombe, P.M.W. Gill, B. Johnson, W. Chen,
M.W.Wong, J.L. Andres, C. Gonzalez, M. Head-Gordon,
E.S. Replogle, J.A. Pople, Gaussian 98, Revision A.7, Gaus-
sian, Inc., Pittsburgh PA, 1998.

[31] J.J.P. Stewart, MOPAC Program Package, QCPE (1993) 455.

[32] M.I.S. Dewar, E.F. Healy, J.J.P. Stewart, J. Chem. Soc. Fara-
day Trans. 2 (3) (1984) 227.

[33] C. Peng, H.B. Schlegel, Israel J. Chem. 33 (1993) 449.

[34] C. Peng, P.Y. Ayala, H.B. Schlegel, M.J. Frisch, J. Comp.
Chem. 16 (1995) 49.

[35] J. Elguero, B.L. Johnson, J.-M. Pereillo, G. Pouzard, M. Rajz-
mann, E.W. Randall, Org. Magn. Resonance 9 (1977) 145.

[36] T.Pehk, unpublished results.

[37] J.J.P. Stewart, MOPAC Manual, 7th ed, 1993.

[38] R.Engeln, D. Consalvo, J. Reuss. Chem. Phys. 160 (1992) 427.



