Structure and vibrational spectroscopy of methanesulfonic acid
hydrazide: an experimental and theoretical study
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A comprehensive study of the molecule of methanesulfonic acid hydrazide (MSH) is presented. The X-ray structure
shows that in the crystal two centrosymmetrically oriented MSH molecules are held together by N-H- - -N
hydrogen bonding interactions. This feature is unprecedented for the known arylsulfonic hydrazide analogues. The
energetics of the various MSH staggered conformers and the stabilisation due to dimerisation are evaluated by HF
ab initio calculations. Moreover, the pathways that interconvert the conformers as well as their enantiomers are
outlined. The transition states between conformers correspond to the eclipsed conformation about the S-N linkage
while those between enantiomers require planarisation of the N atom bound to sulfur. Some interconversions
require two steps and two barriers to be bypassed. The IR and Raman spectra of MSH have been recorded and a
normal coordinate analysis (NCA) has been carried out. The assignments have been double-checked through the ab
initio calculated frequencies. The latter techniques also allow evaluation of the normal modes of vibration due to

interacting MSH monomers, which can be experimentally detected.

Sulfonamides are a well-known class of potent chemio-
therapeutic agents with versatile activity,! including an anti-
tumor effect.> The methanesulfonamide residue has also
appeared as a suitable pharmacophoric equivalent to replace
functional groups in drug design.® On the other hand, many
compounds containing a hydrazine fragment, such as carbox-
ylic acid hydrazides, have shown cytostatic activity.* Meth-
anesulfonic acid hydrazide, CH;SO,NHNH, (MSH), is the
simplest organic representative of compounds containing both
sulfonamide and hydrazine fragments. Although this com-
pound was first synthesised many years ago,’ it is still poorly
characterised, both structurally and spectroscopically. One
could expect a non-trivial conformational behaviour of this
molecule due to the presence of adjacent lone electron pairs
and polar bonds, a feature that is known as a frequent source
of “conformational anomalies .

Here we report the X-ray structure of MSH, the ab initio
optimised structures of various conformers, as well as the
interpretation of the vibrational spectra of the compound on
the basis of ab initio computed frequencies and normal coordi-
nate analysis (NCA).

Experimental
Starting compounds and materials
Methanesulfonyl chloride and hydrazine hydrate (p.a., Merck)

were used without purification. Diethyl ether (ether), ethyl
acetate and the remaining solvents used were purified accord-

+ Non-SI units utilised: 1 kcal = 4.184 kJ; 1 au ~ 2.63 x 10° J mol~ 1.

ing to routine procedures.” Thin layer chromatograms (TLC)
were performed on silicagel on glass plates (particle size 5-17
um, layer 250 um) from Sigma. The samples were applied as
methanolic solutions, the chromatograms were developed
ascendingly with the solvent system benzene—acetonitrile
(15 :18.5) saturated with water, and the spots were visualised
in iodine vapour atmosphere.

Preparation of MSH

MSH was prepared by reacting methanesulfonyl chloride and
hydrazine hydrate followed by continuous ether extraction of
the product, according to the procedure of Powell and
Whiting,? slightly modified to improve the yield and purity of
the target compound. The continuous extraction conditions
from ether were optimised. The syrupy material obtained was
dried azeotropically with benzene. In this manner a crystalline
product (80%) was obtained and recrystallised from boiling
ethylacetate. After cooling (—5°C) colourless prismatic crys-
tals were deposited; these were dried in vacuo over P,O5 and
stored in a dry atmosphere. The melting point was 50.5°C
(uncorrected, Kofler microscope). The product was TLC
homogeneous, with R; = 0.55 + 0.03. *H NMR (DMSO-dy): é
2.88 (s, 3H, CH,); 4.32 (s, 2H, NH,); 7.67 (s, 1H, NH).

Spectroscopy

The 'H NMR spectrum of a DMSO-d, solution of MSH was
registered on a Bruker WM-400 spectrometer (400 MHz)
using tetramethylsilane as internal standard. D,O exchange
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was applied to confirm the assignment of the NH and NH,
signals.

The infrared (IR) spectra of MSH were recorded on a
Bruker IFS113 spectrophotometer using three techniques: (@)
CslI disks (4000150 cm 1), (b) liquid film (melt) between CsI
plates (4000-150 cm ™~ 1), and (c) acetonitrile solution in a KBr
cell (4000-3150 cm™1). A partially deuterated specimen of
MSH was prepared by dissolving MSH (ca. 30 mg) in ca. 1 ml
of methanol-d, and evaporating the solvent in vacuo, this
operation being repeated three times. Finally the sample was
dried in a vacuum desiccator over P,O5. The IR spectrum of
the deuterated sample was taken as a liquid film (see above).

The Raman spectrum of a solid sample of MSH was
obtained in the range 4000-70 cm~! with a Jobin-Yvon
U1000 spectrometer calibrated against the laser plasma emis-
sion lines. The 488 nm line of a Spectra-Physics Model
2016-4S argon gas laser was used for excitation.

X-Ray structure data collection and processing

Parallelepiped crystals of MSH were obtained from ethyl
acetate—ether solution after one week cooling at —25°C. A
summary of crystal and intensity data, collected on an Enraf-
Nonius CAD4 diffractometer, is presented in Table 1. The cell
constants were determined by using 25 reflections in the range
8 < 0 < 14°. Intensity data were corrected for Lorentz polari-
sation effects. In view of the small absorption coefficient (0.569
mm™~!) no absorption correction was applied. The structure
was solved by using the package SIR92,° which gave the posi-
tions of all the non-hydrogen atoms. The refinement was
carried out with the programs SHELX193.1° The hydrogen
atoms were located from Fourier difference maps at advanced
stages of the refinement and then refined with individual iso-
tropic temperature factors. Atomic scattering factors were
those reported by Cromer and Waber!! with anomalous dis-
persion corrections. The refinement was considered terminat-
ed for an R factor of 0.06. Although the wR, factor appears
somewhat high (0.21), no unusual features were observed in
the final AF map or in the statistics of F,/F,. The e.s.d.s on
bond distances are on the order of thousandths of A, and of
hundredths of A whenever the hydrogen atoms are involved.
Table 2 reports molecular bond lengths and angles. The struc-
ture factors are available on request from the authors.

CCDC reference number 440/148. See http://www.rsc.org/
suppdata/nj/1999/1253/ for crystallographic files in .cif format.

ADb initio computational details

All of the staggered MSH conformers were optimised with no
symmetry constraint by means of ab initio calculations at the

Table 1 Crystal data and structure refinement for CH;SO,NHNH,

Chemical formula CH¢N,O,S
Formula weight 110.14
Crystal system Triclinic
Space group P1

a/A 5.427(5)
b/A 5.828(5)
¢/A 7.649(5)
o/° 91.970(5)
B/ 95.840(5)
y/° 107.410(5)
U/A3 229.1(3)
VA 2

T/K 293
u/mm~1 0.569
Reflections collected 1728

Independent reflections
Final R indices [ > 2a(I)]
R indices (all data)

1341 [R(int) = 0.0958]
R, = 0.0600, wR, = 02130
R, = 0.0704, wR, = 0.2249

Table 2 Comparison of experimental and optimised geometrical
parameters (the latter refer to the dimeric unit) in A for bond lengths
and degrees for bond angles

Experimental Calculated
S-0(2) 1.431(2) 1.422
S-0(1) 1.436(3) 1.424
S-N(2) 1.624(3) 1.635
S-C 1.750(3) 1.774
N(2)-N(1) 1.420(4) 1.393
N(2)-H(3) 0.79(4) 1.000
C-H@4) 0.85(4) 1.082
C-H(5) 0.90(6) 1.082
C-H(6) 0.93(5) 1.081
N(1)-H(1) 0.72(7) 1.002
N(@1)-H(2) 0.96(4) 0.999
0(2)-S-0O(1) 119.0(2) 121.7
0O(2)-S-N(2) 106.52(14) 106.65
O(1)-S-N(2) 105.03(14) 105.61
0(2)-S-C 107.7(2) 107.26
O(1)-S-C 108.3(2) 107.54
N(2)-S-C 110.1(2) 107.34
N(1)-N(2)-S 120.2(2) 121.67
N(1)-N(2)-H(3) 106(3) 114.38
S-N(2)-H(3) 121(3) 116.25
S-C-H@4) 107(3) 109.71
S-C-H(5) 103(4) 106.69
H(4)-C-H(5) 96(4) 109.55
S-C-H(6) 109(3) 109.01
H(4)-C-H(6) 119(4) 111.50
H(5)-C-H(6) 121(5) 110.26
N(2)-N(1)-H(1) 112(6) 112.56
N(2)-N(1)-H(?2) 110(3) 108.88
H(1)-N(1)-H(2) 89(5) 108.93

HF/6-31G(d) and HF/6-311+ +G(d, p) levels by using the
package Gaussian94.12 The transition states connecting differ-
ent isomers (conformers and/or enantiomers) were localised by
using different algorithms of the package Gaussian94. In any
case, the nature of each model (minimum or transition state)
was substantiated by the evaluation of vibrational frequencies.
Table 3 lists the total energy of the computed conformers and
transition states, which are all conveniently schematised in
Fig. 1.

As another approach, a rigid potential energy scan was per-
formed with independent rotations of MSH about the axes
N(1)-N(2) and S-N(2) in the full ranges of 0-360° with single
steps of 30° at the HF/6-31G(d) level. The molecular geometry
chosen was essentially that of the conformer 1 (or 1'), which is
the absolute energy minimum.

Finally, in order to reproduce the dimer observed in the
experimental X-ray structure, a model of MSH doubled
through a centre of inversion (C; symmetry) was optimised at
the HF/6-311 + + G(d, p) level of theory. The reliability of the
optimisation was again confirmed by the frequencies.

Table 3 Total energies (au) of the computed species (conformers and
TS) and of the dimer species. The number of imaginary frequencies
N, 18 given in parentheses

imag

E(HF/6-31G(d))//
(HF/6-31G(d)) (N

E(HF/6-311+ +G(d.p))//
imag) (HF/6-311+ + G(d.p)) (Nimag)

1 —697.37679 (0) —697.49097 (0)
2 —697.37211 (0) —697.4869 (0)

3 —697.36679 (0) —697.481 54 (0)
4 —697.37175 (1) —697.486 64 (1)
5 — 69736383 (1) —697.47790 (1)
6 —697.366 50 (1) —697.48124 (1)
7 —697.35873 (1) —697.47433 (1)
Dimer 1394.986 37 (0)
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Fig. 1 Newman projections of the computed species (conformers,
enantiomers and TS). Double-headed arrows connect pathways
between conformers and/or enantiomers. Bold numbering identifies
the computed species, in parenthesis the relative energy contents
[HF/6-31G(d) level, kcal mol~ '] are reported.

Normal coordinate analysis. NCA of a single MSH molecule
was performed in a harmonic generalised valence force field
using the program MOLVIB 6.0 of Sundius.!*~'3 Since it
appears interesting to compare the frequencies obtained with
the latter method with those derived from the ab initio study,
the same MSH coordinates obtained from the optimisation of
the C; dimer were adopted. However, the NCA was limited to
only one-half of the dimer.

Results and discussion
Crystal structure

In the crystal structure, two CH;SO,NHNH, units self-
assemble in a centrosymmetric arrangement via the hydrogen
bonds highlighted in Fig. 2. Selected bond distances and
angles are presented in Table 2. It is evident that each mol-
ecule uses the lone pair of the terminal NH, group to interact
with the H(3) atom bound to the N(2) atom of the other mol-
ecule [distance N(1)-H(3) =2.36(4) A, angle N(1)-H(3)-
N(2) = 139(4)°]. Although quasi-planar, the resulting
six-membered ring is best described as a chair because the
planes H(3)-N(2)-N(1) and its centrosymmetric equivalent are
bent at ca. 15° with respect to the N(1)-H(3)-N(1)-H(3)' rec-
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Fig. 2 ORTEP drawing showing the hydrogen bonding network
connecting two CH;SO,NHNH, units.

tangle. Besides the major N-H---N bonding responsible for
the dimerization of MSH, additional hydrogen bonding
involves, both intra- and inter-molecularly, the two H atoms
bound to N(1) and the sulfonyl oxygen atoms [distances range
from 2.12(4) to 2.73(4) A]. Interestingly, the present structure
is the first example of a sulfonyl hydrazine containing an alkyl
substituent. Four other structures with aryl substituents (2-
naphthyl,'® 4-toluyl,'” and phenyl'’~!°) have been reported
but none features the dimeric arrangement found for MSH.
On the other hand, hydrazine itself forms analogous
hydrogen-bonded six-membered rings.?® While the bond dis-
tances between the heavier atoms are all similar in sulfonyl
hydrazine molecules [we observe here the typical values of
1.420(4), 1.624(3) and 1.433(3) A for the N(1)-N(2), N(2)-S and
S—-O (ave) bonds, respectively], the hydrogen bonding network
seems to have a peculiar effect on the geometry of MSH.
Thus, the N(1)-N(2)-S angle opens up significantly to a value
of 120.2(2)° whereas, in the reference compounds, it is never
larger than 115°. In any case, exact sp? hybridisation is not
attained by the N(2) atom as the bound H(3) atom deviates by
as much as 0.46(4) A from the NNS plane. Table 4 compares
important structural parameters between the experimental
MSH structure and the known structural analogues.!®~'° In
this table the geometries of the computed conformers (vide
infra) are also reported.

Theoretical studies of the molecular conformation

Hartree-Fock (HF) calculations, carried out for both the iso-
lated molecule and the dimer, confirm that intermolecular
interactions affect the geometry of the MSH unit. In fact, the
computed N---H contacts are comparable with the experi-
mental structure (231 vs. 2.36 A) and the trend towards
opening of the N-N-S angle is fully confirmed (121.7°).

The Newman projections of the conformers 1, 2 and 3 (as
well as their enantiomers 1’, 2' and 3') are schematically pre-
sented in Fig. 1 (white circles) together with the detected
tran~!, sition states (shaded circles). The energies [kcal

Table 4 Comparison of selected geometrical parameters for MSH and the known structures of sulfonyl hydrazine molecules (indicated by the
Cambridge Structural Database refcodes). The optimised geometries of the three staggered conformers and of the dimeric species are also

reported
X Angle 2 Angle
N(1)-N(2)-S N(@1) N@2) C-S-N(2)-H(3) H(3)-N(2)-N(1)-H(1) H(3)-N(2)-N(1)-H(1)
MSH 120.2(2) 311(9) 347(4) 69(4) 165(4) —97(7)
BUGXUM* 113.6 326.2 340.1 79.16 91.5 —26.8
JEHXOJ“ 1152 340.1 55.13
PEZMEM*? 1124
SEGLARO14? 100.0
1° 113.3/ 331.3/ 338.9/ —154.9/—154.3 79.7/79.9 —429/—439
114.0 332.6 3394
2° 116.8/ 334.1/ 349.3/ 91.0/90.1 92.6/92.2 —34.4/-310
117.6 3323 350.0
3 111.7/ 331.8/ 3345/ —63.6/—62.6 93.0/94.28 —29.3/—30.6
1123 333.7 3351
Dimer? 121.7 3304 3523 76.0 144.1 —95.0

¢ BUGXUM: 2-naphthylsulfonylhydrazine; JEHXOJ: benzenesulfonylhydraziniumphenylsulfonate; PEZMEM: 4-toluenesulfonylhydrazine;
SEGLARO1: benzenesulfonylhydrazine. ® The hydrogen atoms were not located. ¢ The first and second values refer to the HF/6-31G(d) and
HF/6-311+ + G(d,p) levels of calculation, respectively. ¢ HF/6-311+ + G(d,p) level of calculation.
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molHF/6-31G(d) level] are given in parentheses, the values
being all relative to the most stable conformer 1 (or 1'). In
different conformers, the pyramidal groups MeSO, and
NHNH, are staggered. In particular, the terminal units NH,
and SO,Me point in opposite directions with respect to the
S-N(2) axis. The practicable pathways between the con-
formers and/or enantiomers are explicitly indicated by double-
headed arrows.

In enantiomers 1 and 1’ the projection of the N(2)-H(3)
linkage bisects the SO, moiety. Energetically, conformer 2 (or
2') lies ca. 3 kcal mol ™! above 1 (1), but it is most similar to
that of the experimental structure as the terminal NH, group
is over the OSMe bisector and the N-N-S angle is quite open
(117.6°). As shown in Table 4, the same angle is definitely
smaller in the conformers 1 and 3 (114.0° and 112.3°
respectively). The relative energy of 3 and 3’ is highest (6.2
kcal mol~!) because the terminal NH, group lies between the
two oxygen atoms and the contacts between the nitrogen and
oxygen lone pairs are short.

Isomer pairs 1-3 (or 1'-3’) and 1-2 (or 1'-2’) can intercon-
vert by simple rotations about the S-N(2) bond wvia the
eclipsed conformations of the pyramidal groups MeSO, and
NHNH,; the barriers to be overcome are 6.5 and 8.1 kcal
mol ™!, respectively. In particular, the corresponding tran-
sition states 6 (or 6') and 5 (or 5') present the shortest contacts
between non-hydrogen atoms (NH, group eclipsing one
oxygen atom or the CH; group, respectively). Conversely, the
direct interconversion 2 — 3 (or 2’ — 3') is impossible via an
H/Me, NH,/O eclipsed conformation (see below). In this case
a two-step pathway is required and two barriers need to be
crossed.

The interconversion between optical isomers always
requires an “umbrella” inversion at the N(2) atom,
occasionally accompanied by a rotation about the S-N(2)
axis. While the 3 — 3' interconversion proceeds through a
single step (TS 7), transit through a third isomer and the
crossing of two consecutive barriers is needed to interconvert
1 into 1’ and 2 into 2'. We present in some detail the various
possibilities.

By considering the pair of most stable isomers 1 and 1’,
their direct interconversion would require a structure in which
the most bulky groups CH; and NH, are eclipsed and the
N(2) atom is planar: by imposing C, symmetry, the latter
species could be optimised (AE of ca. 10 kcal mol~?) but it is
not a true transition state as it has two imaginary frequencies.
By visualising the modes of vibration, the more energetic one
(—394.2 cm 1) corresponds to the out-of-plane shift of the H
atom bound to N(2), thus suggesting a natural rearrangement
toward TS 5 (or 5'). The second frequency (—184.8 cm™1),
which corresponds to the torsion of the NH-NH, group
about the S—N vector, indicates an alternative preference for
TS 4 (or 4'). Evidently, the 1 - 1’ interconversion can follow
either of the  pathways 1-5-52-54-1 or
1-4'—>2"—>5 —1' Since the TS 4 (or 4') implies a definitely
smaller barrier than 5 or 5’ (3.2 vs. 8.1 kcal mol~?), the latter
pathway appears favoured.

The enantiomers 3 and 3' are directly related by the tran-
sition state 7, having C, symmetry. The corresponding barrier
(ca. 5 kcal mol ™) is now halved with respect to the hypotheti-
cal barrier for the direct 1 - 1’ interconversion (TS with C,
symmetry) because of the reduced steric hindrance (CH; and
H eclipsed).

The fact that no direct 2 — 2’ interconversion was detected
is most likely due to the complex pathway, which combines N
planarisation and molecular torsion about the S-N axis.
Notice that in 3 — 3', the planarisation of nitrogen (TS 7) is
simply attained by moving the H atom, while in the 1 -1’
conversion, the analogous movement of the NH, group is
ruled out because of the two imaginary frequencies already
pointed out. Since the 2 — 2' path would require the simulta-
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neous rearrangement of both H and NH, substituents, the
direct interconversion appears most difficult. As shown by the
sketches of Fig. 1, the possible intermediates are 1' or 1.
Again, two alternative pathways are possible, namely
254515552 or2->5->1-4'"->2" Given the differ-
ences between the barriers to be passed consecutively (0.3 and
8.1 vs. 8.1 and 3.2 kcal mol 1), the first option appears more
probable.

So far, we have underlined the energetics of conformers and
enantiomers by focusing on the S-N torsion and the plan-
arisation of the central N atom. In the presence of the hydra-
zine moiety it is important to evaluate the energetic cost of the
N-N torsion as well. Accordingly, the potential energy surface
was calculated for the combined rotations about the N(1)—
N(2) and N(2)-S bonds. The corresponding contour map is
presented in Fig. 3. It is characterised by two well-defined
energy valleys at one given angular value for the O(1)-S-
N(2)-N(1) torsion (z; = —42°). As expected, the deepest
minimum corresponds to the isomer 1, with the H2-N(1)-
N(2)-S dihedral angle 7, = 85°. In this case, the adjacent
nitrogen lone pairs are in a gauche disposition and their repul-
sion is minimised in agreement with the results of other ab
initio calculations for the hydrazine molecule itself.2! A clock-
wise rotation about the N-N bond (z, is fixed at —42°) causes
a rapid increase in the energy (see Fig. 4). The energy
maximum (at t, = 0° with syn conformation) corresponds to
an eclipsed conformation in which the nitrogen lone pairs are
coplanar and closest to each other. In this case, the electron
repulsion determines an energy barrier of ca. 15 kcal mol ™. A

0.00 5000 10000  150.00

/°

Fig. 3 Two-dimensional energy map [HF/6-31G(d) level] as a func-
tion of the two dihedral angles 7, [O(1)-S-N(2)-N(1)] and 7, [H(2)—
N(1)-N(2)-S].
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180 -150 -120 80 -80 30 O
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Fig. 4 Energy profile for the rotation about 7, [H(2)-N(1)-N(2)-S,
T, = —42°] at the HF/6-31G(d) level.
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further 7, rotation of 90° results in a new gauche disposition
of the lone pairs and the energy is only ca. 3 kcal mol ™!
higher than the global minimum. This small destabilising
effect may be due to the terminal NH, unit, which points
toward and not away from the MeSO, group. Finally, it is
noteworthy that the conformations characterised by the anti
disposition of the nitrogen lone pairs, 7, = +180°, are very
destabilised (AE ca. 15 kcal mol~?). The comparable destabi-
lisations of both the anti and syn conformations may be justi-
fied by short contacts between each nitrogen lone pair and
that of its adjacent oxygen atom.

The conformational energy profile for the 7, rotation about
the S-N(2) vector (with 7, = 85°) is shown in Fig. 5. It is easy
to recognise all of the staggered minima (1, 2 and 3) as well as
the transition states 5 and 6.

Since the TS for the direct interconversion 2 — 3 (or 2’ — 3
in Fig. 1) was not detected by the usual Gaussian94 routines,
it was assumed to be a two-step process, namely 2 — 1 fol-
lowed by 1 — 3. In the profile of Fig. 5, the highest peak (8, AE
ca. 15 kcal mol ™) corresponds to the eclipsed conformer with
one oxygen atom and the hydrogen atom over the NH, and
CH,; groups, respectively. Obviously, the reliability of this
structure as a true transition state cannot be proven and the
associated high energy does not seem favourable. It is inter-
esting to note that the energetics involved for torsions about
the S-N(2) bond are about the same order of magnitude (at
least 12 kcal mol~!) as those found for the torsion about the
N(1)-N(2) bond.

Energetics of hydrogen bonding in the dimer

The simplest way to evaluate the stabilisation associated with
the dimerisation of MSH (as found in the crystal structure) is
to subtract twice the energy of the optimised isomer 2 (the
computed conformer closest to the observed one) from that of
the optimised dimer. The result is ca. 5 kcal mol ™! (i.e., ca. 2.5
kcal mol™! per hydrogen bond). In order to estimate the
associated basis set superposition error (BSSE),?? two addi-
tional calculations were performed. In the first one, the atoms
of a centrosymmetric half of the dimer were assigned nuclear
charges equal to 0. Then, only a half dimer was actually calcu-
lated. The BSSE correction (1.02 kcal mol~!) was simply
obtained as twice the difference between the total energies
from the two calculations. Essentially, the energy of each
hydrogen bond is as small as 2 kcal mol~! and an even
smaller energy gain is associated with dimerisation if the most
stable models 1 or 1’ are considered as reference points. Thus,
it is not possible to conclude that the aggregation occurs in
solution as well as in the solid state.

Analysis of the vibrational spectra

Since the X-ray structure of MSH shows that two molecules
dimerise through hydrogen bonding, it is interesting to
compare the IR spectra recorded from the solid as well as
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Fig. 5 Energy profile for the rotation about 7, [O(1)-S-N(2)-N(1),
T, = 85°] at the HF/6-31G(d) level.

from the liquid (molten) state. The numerical data associated
with both the IR and the Raman spectra are presented in
Table 5. The differences between the IR spectra relative to the
crystalline and molten compounds are not large, thus suggest-
ing that the H-bonding may also be preserved in the melt.
Since the two MSH molecules in the dimer are related by the
centre of inversion, in the crystal each vibration of the isolated
molecule is expected to be split, one vibration being IR active
and the other Raman active. Thus, the observed differences in
the wavenumbers of the corresponding IR and Raman bands
may be explained.

The proposed assignment of the IR and Raman bands of
MSH (Table 5) was made taking into consideration the data
reported in the literature for compounds that contain the
same functional fragments, namely sulfonamides?*~27 and
sufonylhydrazines,?®  methanesulfonyl  derivatives,2°~32
hydrazines33—38 and carboxylic acid hydrazides.3°*? As a
whole, these assignments are in agreement with the ab initio
results (Table 5). Concerning the latter, the graphical user
interface GaussView was used to display the vibrational
modes based on the frequency calculation. For the H-bonded
dimer the ab initio calculations predicted 30 pairs of bands
corresponding to the intramolecular modes, and 6 additional
bands in the lowest frequency range, which should be ascribed
to the intramolecular vibrations. As it is known,*3 the ab initio
calculations at the HF level overestimate the force constants,
and hence the obtained vibrational frequencies are higher
than the experimental ones. The usually applied correction
factor of 0.89** does not allow us to reproduce precisely the
experimental frequencies as the relative differences (before
correction) vary between 6% and 35% (average 15%). Most
importantly however, the sequence of computed vibrations
coincides with experiment except for the following pairs of
bands whose order is interchanged: &(HN)/3,(CH5),
V(NN)/v4(SO,) and 3(CSN)/1(SO,).

Another confirmation that the vibrations of MSH can be
correctly assigned comes from NCA, also performed by us. As
seen in Table 5, the splitting of the bands due to the formation
of the H-bonded aggregate is rather small so that we could
restrict the NCA calculation to only one isolated MSH mol-
ecule by imposing the same geometry as the dimer (see Table
2). The NCA wavenumbers and the corresponding potential
energy distributions (PED) are also given in Table 5, while the
optimised force field is defined in Table 6. The agreement with
experimental wavenumbers is good, the RMS difference being
0.7%. A direct comparison between the force constants
obtained from NCA and the literature data for some related
molecules,3°733:3741 i5 perhaps not fully appropriate because
of the differently defined force fields. Nevertheless, the values
obtained for the MSH force constants appear to be in the
expected range (see Table 6). Most of the vibrational bands of
the CH;SO, N fragment are quite typical and their assignment
is straightforward on the basis of the available literature
data.23-32 It is worth mentioning however that, according to
the PED, an almost complete mixing of the CS and SN
stretching vibrations takes place. Accordingly, rather than
considering the bands at 850 and 764 cm~! as “pure” V(SN)
and v(CS) vibrations, a more reasonable assignment attributes
these to the asymmetric and symmetric components of the
CSN stretching. The visualisation of the vibrational modes
associated with the corresponding frequencies obtained from
the ab initio calculations V 846 IR, 835 R for v(SN) and ¥ 735
IR, 731 R for v(CS)] fully confirms this assignment.

Special attention should be paid to the vibrations of the
SNHNH, residue. In the IR spectrum of the acetonitrile solu-
tion, the NH, and NH stretching bands were observed at the
following frequencies: 3380, 3276, 3193 and 3175 cm™!. The
wavenumbers of these bands appear to increase in going from
solid state, to melt, to solution, an observation that can be
explained in terms of decreasing molecular association. In
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Table 5 Fundamental vibrations of CH;SO,NHNH,, (in cm~!): comparison between the experimental data, NCA® and ab initio® results

Experimental ¥ Ab initio NCA
IR solid IR melt Raman Ave v 0, ¢ (%) v PED* (%) Assignment
3354 sh¢ 3366 m 3349 3814 R 13.9 3349 100 v(NH) V(NH,)?
3317 m 3358 m 3813 IR
3277 m 3308 m 3298 w 3280 3773 IR 15.0 3280 100 v(HN) v(HN)
3263 m 3256 w 3769 R
3136 m 3163 m 3175 3711 IR 16.9 3180 100 v(NH) v{(NH,)
3226 w 3710 R
3036 w 3023 w 3028 3307 IR 9.2 3023 99 v(CH) v,(CH3)
3026 w 3307 R
3014 3298 IR 94 3019 100 v(CH) v,(CH;)
3014 w 3298 R
2935 w 2930 w 2933 3203 IR 9.2 2933 100 v(CH) v{(CH,)
2934 m 3203 R
1639 w 1625 1839 R 13.1 1625 87 3(HNH) 3(NH,)
1617 m 1620 m 1836 IR
1429 m 1424 sh 1426 1581 IR 109 1423 88 3(HCH), 10 3(HCS) 8,(CH,)
1426 sh 1581 R
1412 m 1409 m 1412 1571 IR 11.3 1415 90 5(HCH) 3,(CH;)
1414 m 1571 R
1395 sh 1395 1626 R 16.2 1396 33 3(HNN), 34 3(HNS), S(HN)
1395 sh 1615 IR 16 v(NN)
1335 s 1332 s 1329 1499 IR 12.8 1329 34 5(HCH), 52 8(HCS), 8(CH,)
1320 w 1499 R 12 v(CS)
1318 s 1319 s 1310 1457 IR 11.2 1310 78 v(SO) v,«(SO,)
1292 w 1456 R
1295 sh 1283 1438 IR 12.1 1285 90 3(NNH) ©(NH,)
1270 w 1438 R
1147 sh 1154 1248 R 8.1 1155 67 v(SO) v(SO,)
1158 s 1157 s 1246 IR
1132's 1132 1314 R 159 1130 47 v(NN), 18 3(HNN), V(NN)
1130 sh 1135 sh 1310 IR 13 3(HNS)
994 sh 990 sh 992 1085 IR 94 986 89 3(HCS) p(CH,)
1085 R
976 m 970 m 972 1078 IR 10.8 979 78 S(HCS) p(CH3)
971 w 1076 R
937 m 935 sh 930 1067 IR 14.7 930 70 3(NNH) o(NH,)
917 w 1066 R
850 m 844 m 849 951 IR 11.3 848 30 v(SN), 29 v(CS) V(SN)
854 w 938 R
764 m 760 m 729 w 742 826 IR 11.1 747 33 v(CS), 23 v(SN) v(CS)
715 s 821 R
650 m 640 m 625 699 IR 5.7 629 26 3(HNN), 25 5(HNS) S(HN)
586 m 622 R
529 s 527 s 527 595 IR 11.9 527 57 §(0SO) 3(S0O,)
526 w 584 R
455 m 454 m 454 564 IR 24.2 458 33 3(CSO), 29 3(OSN), @(SO,)
425 s 564 R 12 3(SNN)
415 486 R 16.6 412 51 3(CSO), 32 3(OSN) p(SO,)
409 w 420 sh 482 IR
347 m 345 365 R 5.7 347 53 8(CSO), 26 5(OSN) 1(SO,)
344 m 344 m 364 IR
321 sh 322w 318 435 IR 28.5 318 60 8(CSN), 10 3(CSO), 3(CSN)
311 sh 316 sh 382 IR 10 3(OSN)
265 sh 264 m 261 336 R 25.3 253 47 3(OSN), 25 8(SNN), 3(SNN)
257 m 259 m 318 IR 14 t(NN)
238 w 215 267 R 219 216 63 t(NN), 13 5(CSN), t(NN)
203 w 203 w 257 IR 11 3(SNN)
172 m 173 221 R 27.2 173 98 t(CS) t(CS)
173 w 175 w 219 IR
97 132 IR 34.5 96 83 t(SN) t(SN)
97 m 129 R
112 R Inter-
62 R molecular
50 R modes
42 IR
33 1R
15 IR

* The NCA results refer to a single molecule (see text). ® The ab initio results refer to the H-bound dimer (see text). ¢ § (%) = 100 [9(ave),y iirio
—Y(aVe)yp]/¥(aVe) py - ¢ Potential energy distribution; contributions less than 10% are omitted. ° Abbreviations: m = medium, s = strong,
w = weak, sh = shoulder. ¥ R and IR stand for Raman- and IR-active, respectively. ¢ Notations: as = asymmetric, s = symmetric, t = torsional,

8 = bending, v = stretching, p = rocking, t = twisting, ® = wagging.
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Table 6 Internal coordinates and optimised force constants from the NCA of MSH

Internal coordinate®

Force constant®

Stretching

CH CH(4), CH(5), CH(6) 4.887
CS CS, SN(2) 3.890
SO SO(1), SO22) 8.968
NN N@2)N(1) 5.792
HN H(3)N(2) 5.937
NH N(1)H(1), N(1)H(2) 5.889
Bending

HCH H(4)CH(5), H(4)CH(6), H(5)CH(6) 0.422
HCS H(4)CS, H(5)CS, H(6)CS 0.647
CSO CSO(1), CSO(2), O(1)SN(2), O(2)SN(2) 1.420
0SO 0O(1)SO(2) 1.431
CSN CSN(2), SN(2)N(1) 1.109
HNN H(3)N(2)S, H(3)N(2)N(1) 0.715
NNH N@2)N(1)H(1), N2)N(1)H((2) 0.693
HNH H(1)N(1)H(2) 0.736
Torsional

t(CS) Torsion around CS bond 0.055
t(SN) Torsion around SN(2) bond 0.097
t(NN) Torsion around N(2)N(1) bond 0.052
Off-diagonal

CH-CH 0.038
CS-NN 0.162
SO-SO 0.358
NH-NH —0.183
NN-HNN 0.110
HCH-HCH —0.067
CSO-CSO 0.247
CSO-CSN 0.188
CSN-CSN 0.197
HNN-HNN 0.233
NNH-NNH —0.145
HNH-NNH 0.100

 The atom numbering is according to Fig. 2. ® Units: stretching and off-diagonal stretching—stretching are in mdyn A~!; bending and off-
diagonal bending-bending are in mdyn A rad =2 and off-diagonal stretching—bending are in mdyn rad .

order to verify the assignments of the vibrational modes of the
fragment SNHNH,,, we examined the IR spectrum of a par-
tially deuterated sample of MSH, which probably contains a
mixture of the non-deuterated, d,, d, and d; derivatives.
Upon deuteration, the v,(NH,), v(NH) and v(NH,) bands are
shifted to 2469, 2426, 2406 and 2350 cm ™!, and the §(ND,)
band appears as a shoulder at about 1195 cm ™! on the low-
frequency contour of the strong v,(SO,) band. The isotopic
ratio V/Vp, for both groups of bands is 1.36, similar to other
hydrazine derivatives.36-37:39:40

At variance with the v(NH,), v(NH) and 6(NH,) bands, the
assignment of the remaining modes of the SNHNH, residue
was complicated due to partial overlap with other bands.
Moreover, the data for similar fragments in the literature are
rather variable. A new band at 1032 cm ™' with a shoulder at
1049 cm™! was registered in the spectrum of the deuterated
sample, which should be ascribed to the DN bending vibra-
tion. Probably, the corresponding band in the spectrum of the
non-deuterated species may be identified as the small shoulder
on the §,(CH;) band, which appears at 1395 cm~*. The bands
at 650, 640 and 586 cm ™! in the IR and Raman spectra of the
non-deuterated MSH species were assigned to the second HN
bending mode. The significant difference in the IR and Raman
wavenumbers agrees with that predicted by the ab initio calcu-
lations. We could not identify the HN bending band in the
IR spectrum of the deuterated sample as it is probably
obscured by the relatively intense band of the SO, bending
vibration. Our assignments for the §(HN) §(DN)] modes of
MSH are in good agreement with the data of Hanai et al.?”
The literature data relative to the NNH bending modes of
molecules containing the NNH, fragment are somewhat con-
tradictory.33:36:37:3940 [t is noteworthy that a similar situ-
ation occurs with respect to the analogous CNH vibrations in
primary amines.*>~*7 On the basis of our ab initio and NCA

results, we ascribe the IR bands at 1295 (shoulder) and 937
cm™! to the ©(NH,) and o(NH,) vibrations, respectively.
These values agree with those of Durig et al.3® for methyl-
hydrazine. In the IR spectrum of deuterated MSH, no band
corresponding to that at 1295 cm ™! was detected as it is prob-
ably masked by the p(CH,) absorption around 990 cm™!.
However, an extra band at 796 cm ™! with a shoulder at 819
cm~! corresponds most likely to that at 937 cm ™! appearing
in the spectrum of the non-deuterated compound. Thus, the
Vu/Vp ratios for these two bands should be ca. 1.3 and 1.16,
respectively, the values being close to the ratios of the corre-
sponding bands in methylhydrazine.3®

The literature data on the NN stretching vibration in
hydrazine moieties also vary significantly (from ca. 870 to
1160 cm™1).33737:3%9 On the basis of the calculations, the
absorption at 1130 cm ™!, observed as a shoulder in the IR
spectra and as a distinct band in the Raman spectrum of
MSH, should be ascribed predominantly to the NN stretching
vibration. This value is in accordance with the data of Durig
et al.> and of Mashima.3° As the PED revealed (Table 5), this
mode is not purely NN stretching, and contains a consider-
able contribution from the 8(HN) vibration.

The bands of the intermolecular vibrations as predicted by
the ab initio calculations (112-15 cm™1) fall outside the range
of the spectrometers used and we cannot comment on them.

Conclusion

This paper highlights the conformational properties of MSH
in view of experimental and theoretical results. In the solid
state, the conformers, which are pairwise aggregated, are not
the most stable ones. Indeed, the theoretical analysis shows
that there are a number of possible conformers and relative
enantiomers and the pathways for their interconversion
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(detection of transition states and associated energy barriers)
have been outlined. Essentially, it appears that the torsion
about the S-N and N-N vectors have comparable energy
costs as well as the planarisation at the nitrogen atom bound
to sulfur (transition states between enantiomers). For the
latter type of rearrangement, it has been found that not all the
direct pathways are practicable. The energy associated with
MSH dimerisation via hydrogen bonding between hydrazine
moieties has been estimated to be of the order of a couple of
kcal mol~!. This is a weak bond and it cannot be concluded
that the dimer also exists in solution. However, the IR spectra
(fully analysed by NCA) suggest that the dimer is likely to be
maintained in the melt.
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