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Abstract

To assess the substituent effect on the stability of hydrogen-bonded dimers from N-
phenyl-N’-sulfinylhydrazines (Ph—NH-NSO), and to confirm the suggested participation
of C—H-O interactions in the dimer from protons in ortho position, 'H NMR (proton
nuclear magnetic resonance) dilution studies were carried out on the unsubstituted and
the meta- and para-methyl substituted compounds. The "H NMR spectra of the solutions
in CDCl3, recorded from the limit of detectability in dilute solution to the solubility limit,
at room and low temperature, show characteristic chemical shift changes to lower field,
in the resonances of the N-H as well as of the C,—H protons. Upon dilution, a
dissociation equilibrium exists, and both the monomer and dimer chemical shifts, for
N-H and C,—H, can be obtained from the concentration-dependence regression curves,
which allows to establish a measure of the strength of the hydrogen bonding network in
the dimer through the equilibrium (dimerization or association) constant. For dimer
formation using the '"H NMR data, a small substituent effect is observed in meta- and
para-methyl substituted Ph-NH-NSO, whose dimers are both destabilized to
approximately the same degree compared to the stability of the unsubstituted dimer.
From the studies, and as had been suggested earlier from computational work, it is clear
that the C,—H---O interaction is indeed involved in the hydrogen-bonding network in the
dimers of unsubstituted and methyl-substituted Ph-NH-NSO’s, based on the
characteristic deshielding of the protons that are specifically involved in the hydrogen
bond formation. Finally, the experimental '"H NMR results obtained show a remarkable
agreement with those obtained from computational work at the density-functional theory

level.
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Chapter 1. Introduction

1.1 Background to N-sulfinyl species

The first example of N-sulfinyl species (R-N=S=0) was reported by Béttinger in 1878."
However, there was no statement regarding the structure of the compound at that time.
Twelve years later, in 1890s, Michaelis and Herz reported the synthesis of N-sulfinyl
aniline (“thionyl-aniline”, PANSO) as a product involving the reaction of a primary amine
(aniline, PhNH,) with thionyl chloride (SOCL, Scheme 1.1)>. With this, approximately
75 N-sulfinylamines of the type R-NSO with their reactions were further described by
Michaelis.”® Thus, Michaelis has provided tremendous contributions to the field, such as
structure, properties, reactivity with water, acids and bases, with particular attention to

aromatic species, as well as a wide variety of applications of N-sulfinyl species.”™

H HCI
R—N/H ) R—N—H
R—NH; + socl, — o— IJL,CI — R—N=—=S=0 + HCI
O:S_\C|
Cl

Scheme 1.1 Formation of N-sulfinyl species by reaction of thionyl chloride with amines.

A second efficient route designed to generate N-sulfinyl species is the reaction of N-
thionyl aniline (PhNSO) with phenyl hydrazine as shown in Scheme 1.2.” In analogy to
the formation of N-sulfinylamines, there is a nucleophilic attack of a hydrazine nitrogen

atom on the electrophilic sulphur of the N-sulfinylamine® as shown in Scheme 1.3.



NHNH, ©/NSO Diethyl ether NHNSO NHNH,
+
o o O (T

Scheme 1.2 Synthesis of Ph—NH-NSO by reaction of phenyl hydrazine with

N-thionyl aniline.’

-, A -
R—N=8=0 R—‘N—E=O R—r}l—?=o R—l;l—ﬁ—o
* H—N—N—R' > H <'T'_'T‘_R' —> H +ITI—N—R' —
H VI H H H H
1
R'—N—NH,
H H
[+ R ,lf\
R—N—S—O0 <«—> R—N=s=0 R—N—N=S8=0 + R—NH,
Ll N — !
H N—N—R' H :N—III—R' H
| -
H H

Scheme 1.3 Mechanism of the formation of N-sulfinyl hydrazines.®

In spite of the earlier investigation by Michaelis and his associates, less attention has
been paid to the class of compounds known as N-thionyl hydrazines. Klamann and his
associates reported an approximate 82 % yield from the reaction of phenyl hydrazine
with thionyl chloride.”

The electronic structure of the N-sulfinyl species is of great interest as multiple
resonance structures are possible (Scheme 1.4). The N=S bond is best described as a four
electron bond (I and III)." While the SO bond has substantial S'—O™ character,'''® both
Cerioni et al. and Muchall have confirmed its double bond nature through ''O NMR
spectroscopic studies.'”'® The aforementioned findings enable most of the known

reactions of N-sulfinyl species to occur across the N=S bond, where the n-bond or both



bonds can break.'"" In 1973, Kroner et al. described the N=S=0 unit as a cumulated 7-
system, enabling it to enter into conjugation with an available =m-system on the
substituent.”’ The bright colours of N-sulfinyl species (PhANSO and PhNHNSO are
yellow) are a results of this conjugation.”'® Several UV-Vis studies have suggested the
excitation of the N=S=0 group.*'**

With its cumulated double bonds, the N=S=O unit in N-sulfinyl species is similar to

sulphur dioxide. The angle on the sulfur atom for both species has been determined to be

almost 120°.2°3

+

S_. ”,s .
N0 Ne)

X . N
N ' A\
I
Scheme 1.4 Resonance representations of PhNHNSO, with I as the leading structure.

UJ+
\..
.
/
|

Another area of interest in N-sulfinyl species is their reaction with water, even though
there are only a few studies on the hydrolysis of N-sulfinyl species.'*'****® Depending on

the substituent R attached to the N=S=0 group (Scheme 1.5), the reactivity of N-sulfinyl

10,19,35,36

species with water varies widely. For example, whereas aliphatic amines (R = CI)

(I) reacts explosively with water””, aromatic amines (II) and hydrazides (IIT) hydrolyze

19,36

more slowly.'® N-sulfinylhydrazines IV and V are stable against water. Due to their

inertness, derivatives of Ph—NH-NSO are considered as a major target for pesticides and

37,38

crop control agents, and some derivatives are also used as prophylaxis against

CEll’lCCI'.24
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Scheme 1.5 N-sulfinyl species: aliphatic amines (I), aromatic amines (II), hydrazides

(IIT), aliphatic hydrazine (IV), aromatic hydrazine (V).

In our group, aromatic N-sulfinyl hydrazines have been of long standing interest. The

non-linearity of the heterocumulene unit (N=S=O group) leads to syn, sickle and anti

configurations and conformations (Scheme 1.6).%"*
o @
I
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Scheme 1.6 Configurations and conformations of the PANHNSO monomer: syn (I),

sickle (IN), anti (III and TV).***

41,42 4
1#- 139, 0

From both experimenta and computationa studies, the syn form has shown to
be the most stable and is responsible for the formation of a hydrogen-bonding network in
the dimer of Ph—NH-NSO (Scheme 1.7). In 1977, the first X-ray structure analysis of this
compound was performed by Gieren and Dederer.*' The compound was crystallized from
anhydrous ethanol and possesses a monoclinic space group with eight molecules in the

unit cell. It was found that the individual syn-Ph—NH-NSO molecule is roughly planar

4



and forms a dimer (Scheme 1.7, I) in which the two monomer molecules are linked by
two N—H---O=S intermolecular hydrogen bonds with an H---O distance of 213 pm.
Furthermore, similar intramolecular interactions of 243 pm were inferred. Thus, it was
suggested that both a hydrogen and an oxygen atom operate as a two-fold donor and
acceptor, respectively, which results in bifurcated H-bonds as shown in Scheme 1.7 L

The same conclusions were drawn in 1984 from neutron diffraction studies.*?

N” *o : N’/S\\o ————— H :

O\\ //N

Scheme 1.7 The hydrogen-bonding network in the PANHNSO dimer, suggested from X-

41,42

ray and neutron diffraction (I)*" 0

and infrared and computational (II) studies.*””

The hydrogen-bonding network in Ph—NH-NSO was further analyzed through FTIR
(Fourier Transform Infrared) spectroscopy’”*’ and computational studies.**** The FTIR
spectra of the neat P—-NH-NSO showed only one broad absorption band at 3208 cm
due to an N-H stretch, v(N-H), from a hydrogen-bonded N-H in the dimer. The dilution
spectra showed v(N—H) bands from both the dimer and the monomer, with the monomer
band blue-shifted by about 65 cm ', pointing to the existence of an association
equilibrium. From the invariant position and eventual disappearance of the dimer band, it
was concluded that only one dimeric species was present, in solution as in the solid,
which ruled out the previously suggested*'"*? intramolecular linkage (Scheme 1.7, T).With
the use of computed electron densities, it was however found that the oxygen of the

5



N=S=0O group of one monomer can form a blue-shifting hydrogen bond with the ortho
hydrogen atom of the aromatic ring of the second monomer, C,—H---O. In view of this,

the alternative hydrogen-bonding network IT (Scheme 1.7) was suggested.*”*

1.2 General introduction to hydrogen bonding

Although weak in comparison to a covalent bond, the hydrogen bond has been known to
make a vast difference to the properties of a material, such as in the high boiling point of
water, the folding process of proteins, the double-helix structure of DNA and RNA, and
also in crystal engineering.”***® In organic chemistry, hydrogen bonding is an effect that is
seen in the chemistry of alcohols, phenols, acids, amines and other nitrogen compounds
and polymers. The involvement of an H-bond in the transition state of a reaction can lead
to conformational changes in the transition state and therefore to alternate pathways.*

In general, a hydrogen bond is formed when there is an interaction between the
hydrogen atom of a group X—H (where X is an electronegative atom with a lone pair of
electrons, often called an acceptor, (A)) with a Y atom of another group that has a lone
pair of electrons, also called donor (D). The hydrogen bond formed can be represented as
X-H---Y.* Conventionally, both X and Y can be regarded as F, O, N etc. Due to the
polarized nature of the covalent bond X—H, a highly electropositive hydrogen results and
the hydrogen atom gets attracted towards a bond formation with the electron rich
acceptor (Y). As the bond dipole of X—H and the availability of the electron lone pair on
Y increase, the strength of the hydrogen-bonding interaction also increases. Therefore,

the strongest hydrogen-bonding interaction can be seen for atoms such as, N, O and F.



The most frequently adopted geometry for hydrogen bonds is a linear or almost close
to linear arrangement, which is favoured over bent ones,*” and linear hydrogen bonds are
found to be stronger than those with smaller angles.** However, by nature, this linear
conformation is not fully achieved due to the constraints of the molecular system, which

can lead to distortions.

1.2.2 Conventional hydrogen bonds

The conventional, or proper, hydrogen bond has been thoroughly studied since its
introduction into the literature and is well understood.***" Formation of such a
hydrogen bond is characterized by electron density transfer from an electron lone pair,
ny, to the antibonding orbital of the proton donor bond, o*x n.*® The consequence of this
is a reduced bond order of X—H with a concomitant lengthening of the bond. In the IR,
the band that corresponds to the X—H stretch thus shifts to a lower frequency (red shift),
increases in intensity and broadens. The value of the red shift and the strength of the
hydrogen bond are usually correlated.*® Electrostatic forces are mainly responsible for the
stability of the conventional hydrogen bond.’' For most traditional (conventional or
proper) hydrogen bonds, nuclei such as °C, °N, "0, "F and 'H may be observed by
NMR spectroscopy.”>>® *** The proton ('H) becomes deshielded in a H-bond, and the
downfield shift is often correlated with the length of the interaction.’* Details of the 'H

NMR are addressed in Section 1.3.3.



1.2.3 “Improper” hydrogen bonds

The C-H---O interaction is now well-recognised and has been one of the main topics in

65-72 49,73-71 Its

weak interaction research, both experimentally and computationally.
existence was first predicted by Suttor in the 1960s,”® to much controversy. C—H:--O has
numerous roles in a wide range of chemical processes, from crystal packing and
molecular conformations to supramolecular design.*** For examples, it contributes to the
structural stability of proteins.

There are several”*° publications regarding the blue shift of the C-H stretching

d.**5 It is

vibration upon interaction and the origin of the shortening of the C—H bon
known that the consequence of C—H:--O formation is a shift to larger frequency (a blue
shift) of the C—H stretch due to the shortening of the bond.”**® Because of this, the
interaction was initially called an “anti” and later a “blue-shifting” hydrogen bond.*"*%
In addition to the blue shift, which is fairly small in magnitude, the corresponding band
loses rather than gains intensity. Dispersion is the main driving force for the stability of
the improper hydrogen bond.”!

The most interesting aspect of this interaction is the C—H donor group. Vibrational
spectroscopic data show that the strength of the interaction is dependent on the
hybridization of the carbon atom, with an sp-hybridized carbon leading to the strongest
C-H---0.”

The story of the improper hydrogen bond began in 1989, when the IR spectrum of
triformylmethane (TFM) in chloroform showed a noticeable, sharp band (3028 cm™) near

the C—H stretch of chloroform (3021 cm™); the blue-shifted band was interpreted to arise

from the hydrogen-bonded dimer (Scheme 1.8).*° Other evidence for the formation of a



blue-shifting H-bond has been reported from IR spectra of chloroform,
deuterochloroform and bromoform in a mixture of carboxyl, nitro and sulfur
compounds.®' Upon formation of the intermolecular complexes, about 3 — 8 cm ™" shifts of

the haloform C—H stretching vibration were observed.

Cl
Cl
" Cl

O@O/

Scheme 1.8 The dimer of triformylmethane and chloroform.

These studies were followed by a first theoretical investigation of the C—H proton
donor stretching vibration in the benzene dimer and other C—H donor complexes.** In

80,81

accord with the prior experimental interpretations, the benzene dimer showed a

shortening of the C—H bond of the proton donor with a blue shift of its corresponding

stretching vibration. In addition, Hobza et al.,84’85

through theoretical studies proposed C—
H---O interactions in fluoroform-oxirane complexes, which showed a blue shift of 30
cm '. The blue shift in the C—H stretching vibration predicted by theory has been
confirmed experimentally in the interaction of chloroform with fluorobenzene.***

As mentioned in Section 1.2.2, the "H NMR shift of the interacting proton is another
useful diagnostic tool for characterizing C—H--O interactions. The resonance of an
olefinic proton in a,B-enaminoketones containing a fluoro-substituted alkyl group

experiences a downfield shift of about 0.16 ppm upon formation of a hydrogen-bonded

dimer (Scheme 1.9).*” More examples of 'H NMR studies are found in Section 1.4.



Scheme 1.9 The dimer network in a fluoroenaminoketone.®’

The electron density, often obtained from electronic structure calculations, is also
very important in characterizing hydrogen bonds. Koch and Poplier have proposed eight
criteria that can be used for identifying hydrogen bonds, including C—H:+-O interactions.*®
The first four criteria are based on the H-bonding interaction itself: (1) The presence of a
bond critical point (BCP) and a bond path between the donor hydrogen and the acceptor
atom. (2) The value of the electron density, p(r), at the BCP (0.01 — 0.23 ¢/A%).**™ (3) A
positive value of the Laplacian of the electron density, Vp(r), at the BCP (0.58 — 3.35
e/A%).* (4) The mutual penetration of the hydrogen and the acceptor atom. Here the
penetration is defined as the difference between the non-bonded and bonded atomic radii.
The next four criteria are based on the change in parameters of the hydrogen upon
interaction: (5) Loss of electronic charge of the hydrogen atom (0.003 — 0.075 au).*’ (6)
Energetic destabilization of the hydrogen atom (0.003 — 0.039 au).*® (7) Decrease of
dipolar polarization of the hydrogen atom (0.008 — 0.038 au).”® (8) Decrease of the
hydrogen atom’s volume (2.45 — 13.03 au).***

In comparison, the use of geometrical parameters in the identification of a C—H---O
interaction, (1) covalent bond distance (C—H << H:-O), (2) hydrogen bond distance

(H-+0 2.2 — 3.2 A), (3) distance between heavy atoms (C---O 3.2 — 4.0 A) and (4) angle

between the three atoms (C—H-~-O 90 — 150°),** seems arbitrary and unreliable.
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In conclusion, the C—H---O interaction varies from the regular H-bond in its IR
signature but also shares characteristics with the H-bond, such as NMR chemical shifts,
(downfield shift of the proton for OH, NH or CH),”** electron density parameters and

certain geometric preferences.

1.2.4 Summary of properties of hydrogen bonds

Not surprisingly, there is a continuum between proper and improper H-bonds, in the
strength of the interaction and other properties. Very strong H-bonds can resemble
covalent bonds, while very weak H-bonds are close to van der Waal’s forces. Table 1.1

shows the properties of H-bonds.**

Table 1.1 Properties of H-bonds.*

Proper H-bond Improper H-bond
Example N-H:--O C-H---O
Bond energy (kcal mol ) 4-15 <4
IR v shift (%)* 10-25 <10
'"H downfield shift, A8 (ppm) 5-10° 1-2°
d(H---A) (pm)* 150 — 220 200 - 300

“ Percentage change in the stretching vibration of the covalent bond. ” Observed by

Karger et al.*” © 1.8 ppm observed by Sigalov.” 4«A”is O, N or C.

11



1.3 Methods for detection of hydrogen bonds
In general, the formation of a hydrogen bond is characterized by a small shift of electron
density from the proton acceptor to the donor bond, an ny—>c*x y interaction. The
methods used to study hydrogen bonds can be grouped as follows: (1) spectroscopy,
which comprises of IR and Raman, microwave and NMR; (2) diffraction, which includes
X-ray and neutron studies; (3) thermochemistry, which consist of direct calorimetry, and
the determination of equilibrium constants and enthalpies; and (4) theory/computation,
which includes ab initio, density-functional and semi-empirical methods. All of these
methods play a critical role by measuring the property that changes upon formation of the
hydrogen bond.

In this section, only brief introductions on IR spectroscopy and computational
methods (as they are not the focus of this thesis) and some details on NMR spectroscopy

will be discussed.

1.3.1 Infrared spectroscopy

Almost all kinds of hydrogen bonds were first discovered through IR spectroscopy. The
recognition of hydrogen bond properties, such as strength, geometry and shape of the
proton transfer pathway began in the 1930s through the identification of infrared shifts.”*
% The vibrational frequencies of the system that is involved in the hydrogen bond is
affected in various ways; refer to Section 1.2.2 for identification of hydrogen bonds
through the use of IR. Near infrared (NIR) spectroscopy also constitutes a beneficial

approach in probing the existence of hydrogen bonds. Bands in the NIR are solely due to

12



overtones or combinations and are therefore isolated and unobstructed, for example, N-H

and amide II combination bands of thioacetamides.”’

1.3.2 Computational chemistry
Theoretical calculations provide a rich source of information concerning hydrogen
bonding.*® For most experimental data, determination of the hydrogen bonds is carried
out in solution whereas calculations are often performed on the system of interest in
isolation from its surroundings, which allows to probe for intrinsic effects. Concerning
the geometry, strength, chemical shifts, the energies of the hydrogen bonds etc., the use
of calculations can be very informative and can be addressed directly as compared to
spectroscopic studies as such IR and NMR. Quantum chemical investigations on
hydrogen bonds are employed using different methods and basis sets. Within density-
functional theory, one of the most commonly used methods is the Becke hybrid
functional for exchange combined with the correlation functional of Lee, Young and Parr,
B3LYP,”” and popular basis sets are based on Pople’s 6-31G.'" In general, a geometry
optimization is followed by an analysis of the observable of interest, such as a computed
vibrational frequency for comparison with IR data, and a computed chemical shielding
for comparison with NMR data. These analyses often require the use of more specialized
methods and larger basis sets.

For the detection of hydrogen bonds in controversial cases, and in particular for the
detection of C—H---O interactions, the topology of the electron density can be analyzed

within the quantum theory of Atoms in Molecules (QTAIM).'"!

13



1.3.3 Nuclear magnetic resonance spectroscopy

It is probably safe to say that NMR (nuclear magnetic resonance) spectroscopy is one of
the most broadly utilized spectroscopic techniques currently available for obtaining
detailed information on chemical systems at the molecular level and for studying
hydrogen bonding. As mentioned in Section 1.2.2, the 'H chemical shift is a fundamental
and informative NMR parameter and so '"H NMR spectroscopy has become the most
versatile method used for the direct observation of effects on hydrogen and oxygen atoms
for X—H---O systems. Upon formation of a hydrogen bond, the electron density at the
proton involved in the hydrogen bond is decreased, and as a result its NMR signal is

*192 The degree of this shift is an indication

shifted to a lower magnetic field (downfield).
of the strength of the hydrogen bond. Most hydrogen bonding studies have been

performed by monitoring the '"H NMR chemical shift as a function of concentration.

1.4 Examples of "H NMR studies on hydrogen bonds
Several studies have focused on the investigation of hydrogen bonds through the use of
'H NMR spectra for samples in solution and have revealed the expected downfield shift
that is evidenced for hydrogen bond formation. Beyond the mere detection of a hydrogen-
bonding interaction, the data can be used for additional insight as given in the following
examples.

A series of 1,3-amino, a- and B-naphthols allowed to probe the existence of possible
O-H:-"N or N-H--O inter- and intramolecular hydrogen bonds.’® Both the OH and NH,
groups in the system were involved in hydrogen bonding as judged from chemical shift

changes of the proton signals. The observed signals for its temperature dependence

14



showed appreciable changes in the proton chemical shifts. For the OH protons, a strong
downfield shift was observed that gave a temperature quotient AS/AT of 6.8 ppb, within
the range for both intra- and intermolecular H-bonds (AS/AT < 4 ppb for an intra- and <7
to 8 ppb for an intermolecular interaction with the OH donor). But as both the OH and the
NH; protons failed to demonstrate concentration dependent chemical shifts in CD,Cl,
solution, intermolecular H-bond formation was ruled out. Based on the experimental and
computational data, the presence of intramolecular O—H---N interactions was concluded.
For a series of bi- and poly-functionalized amines, at variable amine concentration in
CDCl; and in DMSO-dg, it was possible to determine different association behaviour.'®?
Thus, while 2-AEPip (I), DMPA (II) and EDA (III) formed hydrogen bonded dimers,
histamine (IV), 2-GB (V) and 3-APMo (VI) formed intramolecular, six-membered rings
(Scheme 1.10). The authors were able to distinguish between the two different kinds of
aggregates based on the fact that there was practically no change in 6(N-H) for histamine,

2-GB and 3-APMo over the range of concentrations, whereas 3(N-H) for 2-AEPip,

DMPA and EDA showed substantial concentration dependence with a broad signal.
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Scheme 1.10 Polyamines; monomer A with its corresponding dimer B.
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For the intermolecularly hydrogen-bonded 2-pyridone acid dimer (Scheme 1.11 I) in
CDCl; solution, a very strong deshielding for both the carboxylic and the amide hydrogen
was observed in their '"H NMR spectra.'® Through the information gathered from the 'H
NMR studies, the authors determined the dimerization constant of the system, which
exceeded 10 M. This value was suggested to be very large in comparison with similar
studies conducted on dipyrrinones (Scheme 1.11 II), with K estimated between 11,600 —

28,700 M1 1%
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Scheme 1.11 Intermolecularly H-bonded dimers. Pyridone acid (I),'** dipyrrinone (IT)

. 105
dimer.

Karger et al. investigated C—H---O interactions in 4-methoxybenzaldehyde. The
concentration dependence of the proton chemical shift was on the order of tenths of ppm,
which was far below that found for conventional hydrogen bonds, 5 — 10 ppm.*” While
the authors argued that a valid conclusion could not be drawn from the 'H data because
the observed changes were in the magnitude of the benzene ring anisotropy effect,

additional 7O NMR data and theoretical calculations confirmed the C—H---O interaction.
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The presence of C—H:---O interactions from aromatic rings in bindone and its analogues
has been inferred from experimental and calculated NMR chemical shifts.” Upon
formation of a hydrogen bond, a downfield shift of 1.8 ppm was observed for the proton
that is believed to be involved in the hydrogen bonding. The observed downfield shift
also corroborated results obtained through quantum mechanical calculation.

Closely related to the matter of the present study on intermolecular hydrogen bonds is
the work on a fumaramide in DMSO-ds.'% The fumaramide ester exhibits both N-H---O
and C-H---O interactions (Scheme 1.12) in solution and in the solid state, as
demonstrated through the qualitatively similar deshielding curves (Fig. 1.1). Again, the
magnitude of the H, deshielding from the C—H:--O interaction is only a fraction of that of

Hangi within its stronger N—H---O interaction.

DsC.__CD
3 % 3
o)
o Ea/ Eanti co,
EtO “Heyno . _S.
Hb O 0" CDs

Scheme 1.12 N-H---O Hydrogen bonding between a fumaramide and DMSO-d; with a

concurrent C—H---O interaction to Ha.lo6
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Fig. 1.1 "H NMR chemical shift data for alkene (tentative assignments) and amide
hydrogen of Et,OC-CH,=CH,-CONH, in CDCl; solution containing varying

concentrations of DMSO-d;.'*

The temperature dependence of a proton chemical shift can be used in the
investigation of hydrogen bonds.'"’ In particular, the (N)H chemical shifts of amides as a
function of temperature has drawn much scrutiny.'”'" In general, the observed
absorption peak shifts upfield (to higher field) as the temperature is increased, because
the hydrogen bond is weakened.

The extent of exposure of the hydrogen bond atoms to solvent is captured by the
temperature coefficient, AS/AT. Less negative temperature coefficients are characteristic
of strong hydrogen bonds when different types of hydrogen bonds are considered.

Temperature coefficients are not addressed in this thesis.
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Scheme 1.13 Hypothetical representation of two rotamers, A and B.

Finally, the temperature dependence of torsional equilibria should be addressed.
Dynamic NMR spectroscopy provides information about changes in the nuclear

3 For the two

environment from the observation of spectra at variable temperature.
hypothetical rotamers A and B (Scheme 1.13), the torsional barrier dictates the
temperature dependence of the spectra. If there is no rotation about the A—B bond, the
two molecules and their '"H NMR spectra are distinct. In contrast, if there is free (fast)
rotation about the A-B bond, only an averaged 'H NMR spectrum is observed. In
general, the two rotamers are not of equal energy, and the chemical shift and the coupling
constant are the result of the population-weighted averages that depend on the fractional
populations of species A and B. For an intermediate situation in the size of the torsional
barrier, the individual spectra can often be frozen out through a lowering of the
temperature. Figure 1.2 illustrates the changes in spectra that can be expected for changes
in the ratio of chemical shift difference, Av, to coupling constant, J.''* For a sufficiently

large ratio, the chemical shift of each proton is observed at the centre of each doublet. For

small ratios, the chemical shifts are nearer to the inner lines.

20



AvlJ — CH— CH—

15

1.5 ’ }
I L

0.5

| | I I | | T ] I

Fig. 1.2 Splitting pattern of a two-proton system HA—BH for various ratios of chemical

shift difference (Hz) to coupling constant (Hz), Av/J. Modified from ref. 114.

1.5 Dimerization constant

Molecules with functional groups such as NH or OH (and maybe CH) in the appropriate
configuration can self-associate in cyclic, hydrogen-bonded dimers. Whereas acyclic
amides would show hydrogen-bonded polymers, Scheme 1.14 illustrates such

T : S . 115-117
dimerization for a cyclic amide in dilute solution.

O K /O———_H\N
2 N N

~ ~ /

H H----0

Scheme 1.14 Dimerization equilibrium for 2-piperidone (8-valerolactam).'"”
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The dimerization constant K in Scheme 1.14 can be obtained from the chemical shift
difference between the monomer M and the hydrogen-bonded dimer D, and the slope of

the concentration dependence at ¢y = 0 and can be written as in Eq. 1.'"%!"?

(d6/dCM)0 =2K (8]) - SM) ................................... Eq. 1

Here (do/dcm)o is the initial slope from the concentration-dependent chemical shift
graph, and 3y and Op are the chemical shifts of the monomer and the dimer, respectively.
The derivation of Eq. 1 is shown in Appendix A.

Through near-IR spectroscopy, the dimerization constant for d-valerolactam (Scheme
1.14) was found to be 2.3 M ','® while that for the smaller, 5-membered ring y-
butyrolactam in CDCl; was 5.2 M ' from NMR studies.'”' In general agreement with
these values, lactams in CHCl; are summarized to possess dimerization constants of 1 — 3

-1 120
M.

1.6 Substituent effects
The effect of substituents on covalently bonded systems has been well known for decades

12212 The introduction of

and has found wide application in organic chemistry.
substituents can result in structural and reactivity changes in organic molecules and these
can contribute to the understanding of chemical mechanisms as well as the establishment

of many chemical theories such as the strength of hydrogen bonds, changes in chemical

shifts, energies, geometries and more. These changes depend on the position and the
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nature of the substituent. In contrast, very little is known about the effect of substituents
on hydrogen bonding interactions or dimerization.
For aromatic systems, Hammett parameters show how meta and para substituents on

122,124
<" However, the

the aromatic ring affect the reactivity of a side chain functional group.
use of Hammett constants is not necessarily straightforward as inductive and resonance
effects need to be considered, evaluated and separated. Alkyl groups as substituents, for
example, are inductively electron-donating, whereas substituents such as NO, and OCH3
are inductively electron-withdrawing but have contrasting resonance effects. As only the
methyl group, located close to the hydrogen atom as Hammett substituent, was used in
this thesis research, these substituent effects are not presented in more detail.

Kim and associates have investigated the effect of alkyl substituents on the hydrogen
bond formation between a proton donor thioacetamide and a tertiary amide as a proton
acceptor in CCly through the use IR, NIR and 'H NMR spectroscopies, and theoretical
methods.”” Studies in the IR and NIR revealed an increased stability of the hydrogen
bonding upon introduction of a bulky substituent, which was confirmed through the
temperature dependence in the NMR. Through computational studies, Chen et al. showed
how both inductive and resonance effects affect the hydrogen bonding between
substituted X—C=C—H and NH3, H,O and HF systems.125

The effect of substitution on hydrogen bonding has also be investigated on Watson-
Crick base pair.'*® The authors computed the interaction energy as the energy difference

between the complex and the total of the isolated monomers and determined that the

stability of the AU base pair is enhanced through the introduction of electron-
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withdrawing groups into uracil. More examples of substituent effects on hydrogen bonds

are presented in Chapter 4.
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Chapter 2. Objectives and organization of Chapters 3 and 4

During the course of our experimental (FT-IR) as well as computational vibrational
studies on aromatic Ph—NH-NSO, which, mainly through N-H---O interactions, can form
hydrogen-bonded dimers, it became necessary to gather information to confirm the
involvement of the ortho protons (C,—H:-O) in the H-bonding network. As the C—H---O
interaction is weak and FT-IR studies are thus not practical, experimental 'H NMR
spectroscopy, which can reveal the C,—H--O interaction due to deshielding of the proton
that occurs upon H-bond formation, is employed as the main method in these studies.
Three main selected compounds, namely unsubstituted Ph—NH-NSO, m-CH;3-C¢Hs—NH-

NSO and p-CHj;-C¢Hs—NH-NSO (Scheme 2.1) are investigated.

Scheme 2.1 The N-phenyl-N’-sulfinylhydrazines studied (CH3 in meta- and para-

position)

The overall objectives of this research work are to demonstrate the participation of
both N—H--O and C,—H---O interactions in dimers of aromatic N-sulfinylhydrazines (Ph—
NH-NSO’s) and to determine any methyl-substituent effect on these weak interactions.
All three compounds are first to be synthesized from commercially available starting

materials, and purified, according to literature procedures.
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Experimental '"H NMR analysis is to be conducted on the unsubstituted Ph—NH-NSO
to confirm the existence of N-H--O and C,—H---O interactions. For this, "H NMR spectra
are to be determined at various concentrations, from the detection limit to the solubility
limit. From the observed change in chemical shift of the N-H and ortho-C—H protons, the
dimerization constant for formation of the hydrogen bonded dimer will be determined.
The other protons on the aromatic ring will be monitored for comparison. The
experimentally obtained chemical shifts for the protons in the Ph—NH-NSO monomer
and dimer will be compared to those obtained from a computational study.

To determine a possible substituent effect on the strength of the H-bonding network,
the two methyl-substituted N-sulfinylhydrazines are to be subjected to 'H NMR
spectroscopic analysis and interpretation as outlined above for the unsubstituted
compound. As all dimerization events in solution to be studied are equilibria, '"H NMR
temperature studies will be carried out where necessary for interpretation.

This thesis is based on two main manuscripts, whose abstracts are given below. The
first manuscript is based on the study of the unsubstituted N-phenyl-N’-
sulfinylhydrazine, the second on those on the substituted species. The manuscripts are

presented in Chapters 3 and 4.
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2.1 Proof of principle: Evidence of C,—H-O interactions in N-phenyl-N’-sulfinyl-

hydrazine (Ph—NH-NSQO) dimers through proton magnetic resonance spectroscopy

To be submitted: Journal of Physical Chemistry A

Authors: Stephen Boateng, Martha N. Kariuki and Heidi M. Muchall

Contribution by S.B.: Carried out all experimental work and analyses of all
computational data

Contribution by M.K.: Carried out computational studies

Abstract

Proton magnetic resonance spectroscopy has been used to verify the presence of C—H
H--O interactions in the hydrogen-bonded dimer of N-phenyl-N’-sulfinylhydrazine (Ph—
NH-NSO). A plot of chemical shift of the ortho-protons versus the concentration, from
the limit of solubility to the limit of detectability, illustrates a similar dependence than
that for the N—H proton, which is involved in a regular N-H---O interaction. In contrast,
and as an internal standard, protons in meta- and para-positions exhibit an entirely
different and smaller change in chemical shift, consistent with a change in magnetic
susceptibility of the solution, and are not involved in interactions between two Ph—NH—
NSO. Chemical shifts derived from chemical shielding computed at the density-
functional theory level (OPBE/6-311++G(2df,pd)//B3LYP/6-31+G(2d,2p)), for the Ph—
NH-NSO monomer and dimer are in good agreement with the experimental results.
Thus, N-H--O (a hydrogen bond) and C,—H--O (a blue-shifting hydrogen bond)

interactions both contribute to the stabilization of the Ph—NH-NSO dimer. In contrast to
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their opposing behaviour in the infrared, i.e., red versus blue shift, respectively, of the X—
H stretching vibration upon hydrogen bonding, their behaviour as probed through proton
magnetic resonance spectroscopy, i.e. a deshielding of the X—H proton upon hydrogen

bonding, is identical.
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2.2 Meta- and para-methyl substituted N-phenyl-N’-sulfinylhydrazines (Ph—-NH-
NSO): Proton magnetic resonance spectroscopic studies into the network of their

hydrogen-bonded dimers

To be submitted: Journal of Physical Chemistry A

Authors: Stephen Boateng, Martha N. Kariuki and Heidi M. Muchall

Contribution by S.B.: Carried out all experimental work and analyses of all
computational data

Contribution by M.K.: Carried out computational studies

Abstract

Dilution studies at room and low temperature, using proton nuclear magnetic chemical
shifts, were carried out on meta- and para-methyl substituted Ph—NH-NSO, to determine
the nature of the hydrogen-bonding network in the dimer and any substituent effects
arising from methyl substitution. The concentration dependence for the proton resonances
confirm that both N-H---O and C,—H---O interactions contribute to the stabilization in the
dimers, as suggested previously from computational studies and in accord with the
hydrogen-bonding network in the unsubstituted dimer. A slight substituent effect on the
dimerization constant was detected as compared to the unsubstituted Ph—NH-NSO,
suggesting that the remote methyl groups destabilize the dimers. Protons other than N-H

and C,—H do not participate in the dimer formation.
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Chapter 3. Proof of principle: Evidence of C,—H-+O interactions in N-phenyl-N’-
sulfinyl-hydrazine (Ph—NH-NSO) dimers through proton magnetic resonance

spectroscopy

3.1 Introduction
It has been demonstrated that N-phenyl-N’-sulfinylhydrazines (Ph—NH-NSO) can form

hydrogen-bonded dimers when unsubstituted in ortho—position (Scheme 1.7, Chapter

42 41,42
1).%” ’

Network I, which was proposed initially from diffraction data, exhibits four
N-H--O interactions, which comprises of two inter- and two intramolecular H-bonds.
This network was conceived from the general idea that the N—H donor group can readily
form hydrogen bonds with the nearby oxygen atom. However, computational studies
have suggested network II with the participation of N-H---O and C,—H---O interactions,
from an ortho-H atom on each aromatic ring.”**°

In a recent experimental FTIR study, it has been shown that only one broad
absorption band at 3208 cm ' due to v(N—H) of the dimer was observed in the spectrum
of the neat Ph—-NH-NSO.* In contrast, bands from both dimer and monomer were
present in dilute solution spectra due to the existence of a dissociation equilibrium. The
v(N-H) band of the dimer was red-shifted from that of the monomer by about 65 cm!
and disappeared gradually (with constant position) and completely for high dilutions. In
this respect and with regard to the H-bonding network in the unsubstituted Ph—NH-NSO,
it was concluded that only one dimeric species (with four intermolecular interactions)

. . . . . . . . . 41.42
exists in solution.” This of course was in agreement with the diffraction studies,*"

30



however, evidence for a weak intramolecular linkage as suggested in I was not found,
which lent support for network II.

To further support network II, it remains to find experimental evidence for the C,—
H--O interaction. IR spectroscopy, however, is not an ideal technique to demonstrate C—
H involvement in the hydrogen bonding network, because of the comparatively small size
of the blue shift (38 cm ™' calculated from B3LYP/6-31+G(d))*’ and the complexity of the
aromatic C—H stretching region in the absorption spectra. 'H NMR dilution studies, on
the other hand, are expected to reveal the C—H---O interaction because of the deshielding
of the proton that occurs upon hydrogen bond formation.**%¢%-3-102.104.106

In particular relevance to the proposed interactions within network II, an NMR
titration study of a fumaramide with DMSO-ds; suggested bifurcated H-bonds on the
DMSO oxygen (Scheme 1.12).'% An about 1.5 ppm downfield shift for the amide proton
involved in the bifurcated H-bond was accompanied by an about 0.1 ppm downfield shift
for the olefinic C—H involved with the same DMSO oxygen (Fig. 1.1).

Herein we present the dilution behaviour of Ph-NH-NSO using 'H NMR. The
purpose of this present study is to investigate the presence of a C,—H:--O interaction in the

dimer of the unsubstituted Ph—NH-NSO. The experimental data are interpreted with the

help of chemical shifts obtained from computational studies.

3.2 Experimental and computational details
The procedure for the preparation of Ph—NH-NSO is derived from the transsulfinylation
previously described and as shown in Scheme 1.2.7 N-thionylaniline and phenyl

hydrazine were procured from Sigma Aldrich and Alfa Aesar, respectively, and were
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used without further purification. Solvents and reagents used were of analytical grade.
The pure, bright yellow crystals were obtained by recrystallization from anhydrous
ethanol. Details on the synthesis and characterization can be found in Chapter 6.

Ph—NH-NSO was studied in deuterated chloroform (CDCls) solution from the limit
of detectability in dilute solution to the solubility limit. The chemical shifts were recorded
in the concentration range of 0.005 — 1.2 M. All "H NMR spectra were recorded at room
temperature (25 °C) using a Varian 500 NMR spectrometer. A 5-mm probe was used and
the spectra were referenced to tetramethylsilane (TMS). Data were determined from three
independent experiments. All chemical shifts, d in ppm downfield from TMS, are the
average of at least 32 scans.

127 The geometries of

All calculations were performed using the Gaussian 09 package.
the syn monomer and the hydrogen-bonded dimer were optimized without symmetry
constraints, using the Becke three-parameter exchange functional”* with the Lee-Yang-
Parr correlation functional (B3LYP)'*® and the 6-3 1+G(2d,2p) basis set. B3LYP has been

129-132 .
and has been employed in our

shown to perform well in similar H-bonding studies,
previous work on the Ph-NH-NSO dimer.”> We chose the polarized basis set for its
flexibility with respect to the description of the hydrogen atoms. Monomer and dimer
geometries were confirmed as minima from vibrational frequency analyses at the same
model chemistry. The proton isotropic shieldings (ojs,) were obtained from the B3LYP
optimized geometries using the OPBE functional (Handy’s OPTX"* combined with the
Perdew-Burke-Ernzerhof PBE'* functional) and the larger 6-311++G(2df,pd) basis set,

as OPBE has been shown to give a superior performance for magnetic shieldings and

chemical shifts compared to other popular density-functional methods."** The OPBE/6-
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311++G(2df,pd)//B3LYP/6-31+G(2d,2p) combination has been shown to perform well in
the calculation of 'O isotropic shieldings, including that of Ph-NSO with its
intramolecular C—H-O interaction.'® We employed the gauge including atomic orbitals
(GIAO)"*™"7 method and report the chemical shifts, & in ppm downfield from
tetramethylsilane (o5, for the proton is 31.51 ppm from OPBE/6-311++G(2df,pd)/

B3LYP/6-31+G(2d,2p)).

3.3 Results and discussion

3.3.1 The N-H---O interaction

The room-temperature (25 °C) 'H NMR spectra for the most concentrated (1.2 M) and
diluted (0.005 M) solutions in the N-H region are shown in Fig. 3.1. As expected, the
spectra for each of the serial dilutions display one signal for the N—H proton only, and the
position of the signal is concentration dependent due to the shift in the monomer-dimer
equilibrium. The average of three N-H chemical shifts, 3(N—H), measured at different
concentrations in CDCls, are reported in Table 3.1, and the table data are plotted in Fig.
3.2.

The change in chemical shift as shown in Table 3.1 is a clear indication of the shift of
the monomer-dimer equilibrium and the extent of hydrogen bonding. As can be inferred
from the data and the plot (Fig. 3.2), (N—H) at high concentration corresponds (mostly)
to the hydrogen-bonded, dimeric species, whereas the value at the lowest concentration

reflects mostly the non-hydrogen-bonded, free Ph—NH-NSO monomer.
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Qualitatively, Fig. 3.2 is similar to that for an amide hydrogen undergoing an N-H:--O
interaction, for example in fumaramides as shown in Fig. 1.1. The correlation coefficient

of the fitted curve in Fig. 3.3 shows an excellent fit.

2) 10.916
|
A ARsansans T a
b) 10.118
- - —

Fig. 3.1 "H NMR spectra of Ph—NH-NSO in the N-H region for a) 1.2 and b) 0.005 M in

CDCls.

11.000 1

10.700 1
=
(o9
R
“10.400 -

10.100 : : .

0.00 040 \p) 080 1.20

Fig. 3.2 Concentration dependence of the N-H proton resonance of Ph—NH-NSO in

CDCl; (average from three experiments). R* for the fitted curve is 0.999.
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Table 3.1 N-H and C-H chemical shifts (ppm) for varying concentrations (M) of

Ph—NH-NSO in CDCls.

c O(N-H) O(ortho C-H)  d(meta C—H)  d(para C—H)
1.200 10.915 7.287 7.328 7.073
1.000 10.896 7.285 7.328 7.073
0.800 10.853 7.284 7.339 7.074
0.600 10.788 7.285 7.349 7.087
0.400 10.679 7.282 7.362 7.102
0.200 10.517 7.273 7.373 7.117
0.100 10.374 7.261 7.381 7.122
0.050 10.271 7.251 7.382 7.125
0.025 10.196 7.244 7.384 7.128
0.005 10.127 7.236 7.387 7.130

Nuclear magnetic resonance has been extensively applied for the study of hydrogen-
bonding equilibria, and the chemical shifts can be used to estimate the equilibrium
constant. As dimer formation for Ph—NH-NSO is driven by the N-H--O interactions
(Scheme 1.7, Chapter 1), Fig. 3.2, with its dependence of the N—H chemical shift on the
concentration, allows to establish a measure of the strength of the hydrogen bond network
in the dimer through the determination of the equilibrium (dimerization or association)
constant, K, for dimer formation using the 'H NMR data, specifically the chemical shift
for the monomer and dimer, and the limiting slope. The dimerization constant is

8

calculated, as proposed by Schoolery,''® as
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(dd/deyr)o = 2K (8p — Sy),

where (dd/dcm)o 1s the limiting slope and (Op — Oy) is the change in chemical shift, AJ,
between dimer (dp) and monomer (dy). The chemical shifts are the proton chemical shifts
obtained from the equation for the fitted curve in Fig. 3.2.

To determine Op and dy;, the equation y = yo + a-x/(b+x) was employed. Here (Fig.
3.2), yo = 10.1181, a = 1.0024 and b = 0.2990. From this, the data points for infinite
dilution and concentration can be obtained. For x = 0, the monomer shift, Sy, approaches
10.118 ppm, and for x = oo, the dimer shift, dp, approaches 11.121 ppm. The chemical
shifts for monomer and dimer are summarized in Table 3.2.

The equilibrium constant thus calculated is 1.7 M' (Table 3.2). Figure 3.2 suggests
that the chemical shift at the infinite limit might be overestimated. If this chemical shift
rather is assumed to be 11 ppm, the calculated K changes to be 1.9 M. In either case, the
two values of K fall in line with the earlier determined self-association constants for
dimer formation of cyclic amides (lactams).'”” From near-IR spectra, the dimerization
constants for lactams were determined to be between 1 and 3 M in CHCI; '® Since
lactams with their cis arrangement of N-H and C=O functionalities form hydrogen-
bonded dimers quite related to those studied here, this agreement is not entirely

unexpected but welcome.
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Table 3.2 Selected experimental 'H chemical shifts & (ppm) for the Ph-NH-NSO
monomer and dimer in CDCl3, obtained as described in the text, initial slope and derived

equilibrium constant, K.

nucleus M D AS (d&/dem)o K
N-H 10.118 11.120 1.002 3.346 1.67¢
ortho C,—H 7.233 7.292 0.059 0.562 4.76.

“ The regression from Fig. 3.2 is y = yo + a-x/(b+x), with yo 10.110, a 1.025 and b 0.406.

® The regression from Fig. 4.4a is y = y, + a-x/(b+x), with yo 7.128, 2 0.060 and b 0.118.

3.3.2 The C,~H---O interaction

In analogy to the identification of a regular hydrogen bond, a favourable C—H donor
within a molecule can be identified by "H NMR spectroscopy through the well-defined
change in chemical shift of the proton when it becomes involved in a C—H---O interaction.
The 'H NMR spectra of Ph—NH-NSO in the aromatic region at the solubility limit (1.2
M) and the limit of detectability in dilute solution (0.005 M) are given in Fig. 3.3. Table
3.1 lists the chemical shifts of the aromatic protons for the serial dilution in CDCl;. The
data indicate that signals for protons in both meta- (C,—H) and para- (C,—H) positions
shift upfield as the concentration increases. This concentration dependence is plotted in
Fig. 3.4 (a and b). The changes presumably reflect a change in the susceptibility of the

solution upon dilution (but see Section 3.3.3 for further discussion).
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Fig. 3.3 "H NMR spectra of Ph-NH-NSO in the aromatic region for a) 1.2 and b) 0.005

M in CDCls. The centers of the signals are given in large labels for clarity.
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Fig. 3.4 Concentration dependence of the a) meta b) para and ¢) ortho C—H signal of
Ph-NH-NSO in CDCl; (average from three experiments). R* for the fitted curve in c) is

0.995.

In contrast, the ortho-proton signal exhibits a downfield shift upon an increase in
concentration (Fig. 3.4c), in analogy to the chemical shift change for the proton on
nitrogen (see Section 3.3.1) that was already shown to be involved in hydrogen bonding
through IR spectroscopy.”” Therefore, this characteristic downfield shift is believed to
corroborate the involvement of the C,—H bond in the hydrogen bonding network of the

Ph—NH-NSO dimer, as has been predicted from an analysis of the electron density using
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the quantum theory of atoms in molecules,®® with the O=S unit as H-bond acceptor for
both N—H and C—H bonds, and as given in network II (Scheme 1.7).

Compared to the change in N—H chemical shift, the change for C,—H is much smaller
(Fig. 3.3c and Table 3.2), in accord with the computed values (see Section 3.3.3). While
the observed changes from Figs. 3.2 and 3.3c are conceptually similar, they are
qualitatively different. Notably, the initial slope in Fig. 3.3¢ (0.562 ppm/M) is much less
steep than that in Fig. 3.2 (3.346 ppm/M). Whereas the change in local environment of
the N—H proton giving rise to Fig. 3.2 is simple in that it only consists of the dimer
formation, that of the ortho C—H proton involves a pre-dimerization equilibrium. In the
Ph—-NH-NSO monomer, torsion about the C—N bond leads to the interconversion of the
two ortho C—H bonds. And although the equilibrium involves two indistinguishable
rotamers, the two ortho protons find themselves in two distinct chemical environments,
with one expected to be more deshielded due to the proximity of the N=S=0 n-system.
Because at low concentration the solution consists to a large degree of unbound
monomers, this equilibrium will affect the initial slope for C,—H but not for N-H and
hence lead to a much increased and unrealistic value for K (Table 3.2). A realistic value

for K would have to be adjusted for the pre-dimerization equilibrium.

3.3.3 Comparison with computed chemical shifts

To lend further support to the analyses in Sections 3.3.1 (N-H:-O interaction) and
particularly 3.3.2 (proposed C—H:-O interaction), we employed calculated chemical
shifts for comparison. The assignments of the computed 'H chemical shifts in the

monomer and dimer are displayed in Schemes 3.1 and 3.2, respectively.
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In analogy to the experimentally observed downfield shifts with increasing
concentration, there is a 2.04 ppm deshielding upon H-bonding for the N—H proton, and
the computed chemical shift for the ortho-proton involved in the C—H---O interaction is
affected similarly. As can be seen from Scheme 3.1, and in accord with simple
considerations of N=S=0O anisotropy criteria, the two ortho protons exhibit two distinct
intrinsic chemical shifts, even in the monomer, while experimentally only one signal is
observed. The computed ortho average of 7.43 ppm in the monomer shifts to a computed
average of 7.93 ppm in the dimer, representing a deshielding of 0.50 ppm. In contrast to
these changes, it is notable that the computed values for C,,—H (A 0.03 ppm) and C,—H (A

0.04 ppm) upon dimerization remain almost unaffected.

7.83 S
H N/ \O
7.69
" ",10.30
" H7.03
7.34
H7.60

Scheme 3.1 Calculated chemical shifts (ppm) of the protons in the syn Ph—NH-NSO

monomer from OPBE/6-311++G(2df,pd)//B3LYP/6-31+G(2d,2p).
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Scheme 3.2 Calculated chemical shifts (ppm) of the protons in the Ph—NH-NSO dimer

from OPBE/6-311++G(2df,pd)//B3LYP/6-31+G(2d,2p).

Thus, overall, the deshielding of N-H and C,—H protons upon dimerization is
confirmed computationally, even if the computed chemical shift differences are too large.
For C,—H and C,—H, expectedly, there is no intrinsic change in chemical shift upon
dimerization, yet experimentally a distinct shielding on the order of 0.06 ppm is seen
(Fig. 3.4a and b). These deviations between the computed and the experimental data do
not come as a surprise, because here the calculations were performed a) without
accounting for a possible basis set superposition error, b) in the absence of solvent and c)
on the isolated monomer and dimer.

A basis set superposition error, in which basis functions on the H-bonding atoms in
one monomer of the dimer help with the mathematical description of the H-bonding
atoms in the other monomer, can lead to an underestimation of the distance at which the
two monomers are found in the dimer. This would lead to an overestimation of the
computed deshielding experienced by the N-H and C,—H protons in the dimer.
Previously, though, the basis set superposition error was shown to be small at the related

B3LYP/6-31+G(d) level.*” With respect to solvent, its accessibility to N-H and C,H
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protons in particular is restricted in the dimer. These chemical shifts are therefore
probably influenced differently in monomer and dimer, which is not accounted for in the
data in Schemes 3.1 and 3.2. Finally, and with respect to the isolation of the molecules in
the calculations, in dilute solution the monomer will only experience, on average, solvent
interactions, while the dimer, especially in concentrated solution, will also experience
interactions with other dimers. The magnetic anisotropy provided from the m-systems of
other dimers would be experienced in m-stacking interactions and could thus lead to
smaller (face-face interaction) or larger (edge-face interaction) chemical shifts in the
dimer protons. A shielding from face-face interactions in the concentrated solution
would, in fact, account for all observed discrepancies, because the computed values
would not capture the attenuation and would thus predict larger deshieldings than

experimentally observed.

3.4 Conclusions

From changes in the position of the N-H proton signal in Ph—NH-NSO for different
concentrations in CDCl3, an equilibrium constant for association (monomer to cyclic,
hydrogen-bonded dimer) of 1.67 M ' was determined by 'H NMR spectroscopy. From
the observed deshielding curve, the involvement of the N—H proton in an intermolecular
N-H--O hydrogen bond, already demonstrated in the infrared, was confirmed. The
presence of a C,—H--O interaction in the hydrogen-bonded dimer, suggested from
analyses of the electron density, was confirmed through 'H NMR studies. The ortho Cy—
H signal in the monomer exhibited a 0.06 ppm downfield shift in CDCI; as the

concentration was increased. In contrast, signals for protons in meta- and para-position
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exhibited a small shielding effect upon an increase in concentration. Overall, chemical
shifts computed from OPBE/6-311++G(2df,pd)//B3LYP/6-31+G(2d,2p) confirmed and
helped explain the experimental findings. To summarize, the observed deshieldings are
smaller than the calculated intrinsic changes in chemical shift, which can be understood if
n-T interactions between dimers in concentrated solution are invoked.

Finally, from vibrational analyses, the N-H:--O and the C—H---O interaction in the
cyclic dimer of Ph—NH-NSO do not behave alike even qualitatively. Whereas the N-H
bond undergoes a lengthening upon interaction with the oxygen atom, the C—H bond
undergoes a shortening, with corresponding red and blue, respectively, shift of the
vibrational frequency. In contrast, this work shows clearly that both exhibit the same
characteristics in the '"H NMR, a deshielding of the proton upon interaction with the

oxygen.
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Chapter 4. Meta- and para-methyl substituted N-phenyl-N’-sulfinylhydrazines (Ph—
NH-NSO): Proton magnetic resonance spectroscopic studies into the network of

their hydrogen-bonded dimers

4.1 Introduction

The existence of hydrogen bonds has long been established as they have a vital role in
various chemical and biological processes, as well as the development of new
materials.*”***°*13% One fundamental parameter that can have an influence on the
strength of the hydrogen bonding interaction is the substituent effect.””'**'2*1* Dye to
this, substituent effects on H-bonds are often used to rationalize the molecular properties
of a compound. The effect is usually observed when the substituent acts on the reaction
site of the interacting molecule, and the nitrogen atom of an N-H:--O interaction, for
example, constitutes such a reaction site. The size of a substituent effect strongly depends

123,139

on the nature of the substituent and its position with respect to the reactive site, and

the electronic properties of a substituent on an aromatic ring are often quantified through

122,124

the use of one of Hammett’s substituent constants . The para-substituent effect in a

series of mono-aryl thioureas on hydrogen bonding to the SO3 -headgroup of a zwitterion

140
1.

in deutero-chloroform solution was reported to be substantial. ™ For the ¢ dependence,

the reaction parameter p was determined at 1.77, reflecting the increased downfield shift
of the monitored H-bonded proton upon the introduction of increasingly electron-
withdrawing substituents and indicating the corresponding stronger N—H---O interactions.
Similarly, computational studies of substituent effects on the stability of the Watson-

Crick adenine-uracil base pair revealed that the introduction of electron-withdrawing
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groups at the uracil C° position (the location of the thymine methyl group) enhanced the
strength of the interaction.'”® Whereas the study considered a range of substituents from
strongly electron-withdrawing (nitro group) to strongly electron-donating (amino group),
even the small substituent effect exerted by the methyl group can be captured. Thus, in a
related computational study, the stability of the adenine-thymine base pair was found to
be increased as compared to that of the adenine-uracil pair in which the methyl group is
missing.'” Such a methyl-group effect was also shown intramolecularly. Picolinic acid
N-oxide possesses an intramolecular hydrogen bond,'*' and its strength can be tuned
through substituents that alter the proton acceptor and the proton donor properties of the
N-oxide and the carboxylic group, respectively.””” In this case, the introduction of
electron-donating substituents led to a downfield shift of the H-bonded proton, and a
methyl group para to the nitroxide moiety had a larger effect (Ad 0.50 ppm) than if para
to the carboxyl moiety (Ad 0.14 ppm).

Our group is involved in studies of this kind as part of our research in the area of N—
H---O=S and ortho-C—H---O=S interactions. Results gathered from computational studies
that make use of the quantum theory of Atoms in Molecules (electron density analysis)
and IR spectroscopy reveal that N-sulfinylhydrazines, Ph—NH-NSO’s, form hydrogen
bonded dimers.*” Our recent work (Chapter 3) has focussed on the unsubstituted Ph—NH—

142 We have confirmed the

NSO dimer using "H NMR dilution and computational studies.
presence of both N-H--O and C—-H--O interactions through the deshielding that was
observed only for the protons involved in the hydrogen-bonding network. Dimers are still

supposed to form when the Ph—NH-NSO is substituted in meta or para position on the

aromatic ring.*’ Yet, neither N—H--O nor C—H-~-O interaction is suggested to be affected
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much by the presence of a methyl group. For example, the dimer’s asymmetric N-H
stretch was calculated (B3LYP/6-31+G(d)) to red-shift from 3189 (unsubstituted) to 3186
(para-methyl substituted) cm ', in accord with the experimentally observed red-shift upon
substitution of 5 cm ! in CHCIls; a similar but even smaller shift was calculated for the
asymmetric C—H stretch, 3097 to 3095 cm ', respectively.

As such a small difference in the busy C—H stretching region in the IR would be
difficult to determine accurately, we decided that '"H NMR spectroscopy should be the
method of choice instead. Changes in proton chemical shifts, A3, upon a change in
concentration allow an evaluation of the dimerization (association) constant, K, which for
the unsubstituted Ph-NH-NSO was determined at 1.67 M' in CDCl; (see Chapter 3). If
there is indeed a substituent effect exerted by a methyl group, one can expect to see
changes in either A8 or K, or in both. In the following, we present the 'H NMR
spectroscopic dilution studies for para- and meta-methyl substituted Ph—NH-NSO

(Scheme 4.1), at room temperature and lowered temperatures.

N/ ~0 N/’ \\O""‘H
mSCf C[ D
HC >~ "H----- O\\ /,N
I 1I

Scheme 4.1 Methyl-substituted Ph—NH-NSO, monomer (I) and dimer (II).

4.2 Experimental and computational details
The syntheses of the methyl-substituted Ph—NH-NSO’s were accomplished as derived
from the transthionylation previously described by Pearce.” As the substituted hydrazines
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were purchased in their hydrochloride forms, they were converted into the free base by
neutralizing with aqueous NaOH solution. N-thionylaniline was procured from Sigma
Aldrich, m- and p-tolylhydrazine hydrochloride from Alfa Aesar, and all were used as
received. Solvents and reagents used were of analytical grade. Pure, bright yellow
crystals were obtained by recrystallization from anhydrous ethanol. Details on the
synthesis and characterization can be found in Chapter 6.

Meta- and para-methyl Ph—NH-NSO were each studied in deuterated chloroform
(CDCl3) solution from the limit of detectability in dilute solution to the solubility limit.
The chemical shifts were recorded in the concentration range of 0.005 — 1.2 M at room
temperature (25 °C). The concentration range was 0.005 — 0.3 M for both Ph—NH-NSO’s
at —30 °C and 0.005 — 0.4 M for the meta-substituted product —15 °C. All 'H NMR
measurements were obtained using a Varian 500 NMR spectrometer. A 5-mm probe was
used and the spectra were referenced to tetramethylsilane (TMS). Data were determined
from three independent experiments for studies done at room temperature, and from a
single determination for the low temperature studies.

All calculations were performed using the Gaussian 09 package.'”” The molecular
geometries of the syn monomers and the hydrogen-bonded dimers were optimized
without symmetry constraints, using the Becke three-parameter exchange functional”
with the Lee-Yang-Parr correlation functional®® (B3LYP)'*® and the 6-31+G(2d,2p) basis

129-132
132 and has

set. B3LYP has been shown to perform well in similar H-bonding studies,
been employed in our previous work on the Ph—~NH-NSO dimer (and Chapter 3).>” We

chose the polarized basis set for its flexibility with respect to the description of the

hydrogen atoms. Monomer and dimer geometries were confirmed as minima from
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vibrational frequency analyses at the same model chemistry. The proton isotropic
shieldings (ojs0) Were obtained from the B3LYP optimized geometries using the OPBE
functional (Handy’s OPTX>* combined with the Perdew-Burke-Ernzerhof PBE'*’
functional) and the larger 6-311++G(2df,pd) basis set, as OPBE has been shown to give a
superior performance for magnetic shieldings and chemical shifts compared to other
popular  density-functional methods."** The OPBE/6-311++G(2df,pd)//B3LYP/6-
31+G(2d,2p) combination has been shown to perform well in the calculation of 'O
isotropic shieldings, including that of Ph—-NSO with its intramolecular C-H--O
interaction.'® We employed the gauge including atomic orbitals (GIAO) method'*>"*” and
report the chemical shifts, d in ppm downfield from tetramethylsilane (ois, for the proton

is 31.51 ppm from OPBE/6-311++G(2df,pd)//B3LYP/6-31+G(2d,2p)).

4.3 Results and discussion

4.3.1 para-Methyl substitution

4.3.1.1 The N-H--O interaction

The '"H NMR spectrum in CDCl; reveals one signal for the N-H proton only, with
substantial concentration dependence of the chemical shift. On average from three
independent experiments, a concentration of 1.2 M produces a downfield signal at 10.881
ppm, a concentration of 0.005 M an upfield signal at 10.104 ppm. Figure 4.1 shows the
partial room temperature (25 °C) "H NMR spectra for the most concentrated (1.2 M) and
diluted (0.005 M) solutions in the N—H region. The full assignment of the 'H NMR

spectra of the para-methyl substituted Ph—NH-NSO can be found in Appendix B. Listed
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in Table 4.1 is the average of three N-H chemical shifts, 3(N—H), observed at different

concentrations, and the table data are plotted in Fig. 4.2.

10.881
a) |
a)
| 12 | 10
b) b)
10.098
-
12 10

1g. 4. spectra (ppm) of p-met —NH— in the N-H region for
Fig. 4.1 "H NMR sp ppm) of p-methyl Ph-NH-NSO in the N-H region ft

a) 1.2 and b) 0.005 M in CDClj; at 25 °C.

Table 4.1 demonstrates the change in the chemical shift for the monomer-dimer
equilibrium and the extent of hydrogen bonding for the N-H interaction. From the data
and the plot (Fig. 4.2), 8(N-H) at high concentration corresponds (mostly) to the
hydrogen-bonded, dimeric species, whereas the value at the lowest concentration
indicates mostly the non-hydrogen-bonded, free p-methyl Ph—NH-NSO monomer. As
expected, the observed chemical shifts are not dissimilar to those for the unsubstituted
Ph—NH-NSO (see Chapter 3; 10.915 — 10.127 ppm for the same range of concentrations),
which were explained with the dissociation of the hydrogen-bonded dimer upon dilution.

Figure 4.2 therefore also qualitatively resembles the plot obtained for the unsubstituted
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compound (Fig. 3.2), and the regression curve shows an excellent fit with the

experimental data.

Table 4.1 N-H and C-H chemical shifts (ppm) for varying concentrations (M) of

p-methyl Ph—NH-NSO in CDCl; at 25 °C.

c O(N-H) O(ortho C-H)  &(meta C—H) O(CHs)
1.200 10.881 7.180 7.120 2.290
1.000 10.842 7.181 7.131 2.296
0.800 10.783 7.181 7.138 2.303
0.600 10.701 7.179 7.156 2.312
0.400 10.701 7.175 7.162 2.320
0.200 10.619 7.167 7.161 2.324
0.100 10.454 7.156 7.172 2.332
0.050 10.320 7.143 7.179 2.333
0.025 10.155 7.137 7.181 2.335
0.005 10.104 7.132 7.184 2.337

The curve data are provided in Table 4.2 and are employed to evaluate the strength of
the hydrogen bond network in the dimer through the determination of the equilibrium
(dimerization or association) constant, K (see Chapter 3.3). With the chemical shift for
the monomer (dp) and dimer (Oy), obtained at infinite dilution and concentration,

respectively, and the initial slope, K is obtained as 1.2 M™' (Table 4.2).
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Fig. 4.2 Concentration dependence of the N—H proton resonance of p-methyl Ph—NH—

NSO in CDCl; at 25 °C (average from three experiments). R? for the fitted curve is 0.998.

Thus, the K value for the p-methyl Ph—NH—NSO is only slightly smaller than that for
dimer formation for the unsubstituted Ph-NH-NSO (1.67 M ', Chapter 3). The difference
is a reflection of the small substituent effect of the methyl group in para position, and its
presence destabilizes the hydrogen-bonded dimer. This is in full accord with the
calculated (B3LYP/6-31+G(d)) zero-point vibrational energy corrected binding energies
of 11.4 (unsubstituted Ph~-NH-NSO) and 11.3 kcal mol™" (p-methyl Ph—-NH-NSO), and
the calculated shifts in N—H stretching frequency upon dimerization of 92 (unsubstituted)
and 91 (p-methyl Ph-NH-NSO) cm'.** Even though both the experimental and the
computed difference upon introduction of the methyl group are very small, the picture is

consistent.
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Table 4.2 Selected experimental 'H chemical shifts & (ppm) for the p-methyl Ph—NH-
NSO monomer and dimer in CDCls, obtained as described in the text, initial slope and

derived equilibrium constant, K.

nucleus monomer dimer AS (A8/Acwm)o K
N-H 10.110 11.134 1.024 2.525 1.233¢
ortho C-H 7.128 7.188 0.060 0.511 4.252°

“ The regression from Fig. 4.2 is y = yo + a-x/(b+x), with yo 10.110, a 1.025 and b 0.406.

® The regression from Fig. 4.4a is y =y, + a-x/(b+x), with yo 7.128, 2 0.060 and b 0.118.

4.3.1.2 The C,—H---O interaction

The experimental assessment of the aromatic protons for the para-methyl substituted Ph—
NH-NSO was more challenging than that of the unsubstituted compound, because methyl
substitution causes both ortho- and meta-proton signals to appear in the same, narrow
spectroscopic window. The opposing trends in their shifts upon dilution lead to a cross-
over at a concentration of about 0.2 M. The partial "H NMR spectra of p-methyl Ph—-NH—
NSO in the aromatic region at the solubility limit (1.2 M), near the cross-over (0.2 M)
and at the limit of detectability in dilute solution (0.005 M) are shown in Fig. 4.3; the full
set of spectra is given in Appendix C.

The plots of the concentration dependences for the signals from ortho-, meta- and
methyl-protons from 1.2 — 0.005 M are shown in Fig. 4.4. The signals from the meta- and
methyl-protons, none of which are involved in hydrogen-bonding interactions, show the
monotonous shielding that was already observed for meta- and para-protons in the

unsubstituted Ph—NH-NSO (Chapter 3).
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Fig. 4.3 "H NMR spectra of p-methyl Ph-NH-NSO in the aromatic region for a) 1.2, b)
0.2 and c) 0.005 M in CDCls at 25 °C. The lines of the signals are given in large labels

for clarity, and signals are identified as to their molecular origin.
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Fig. 4.4 Concentration dependence of the a) ortho, b) meta and ¢) methyl C—H signal of
p-methyl Ph-NH-NSO in CDCl; at 25 °C (average from three experiments). R* for the

fitted curve in a) is 0.993.

But, as in the unsubstituted compound, the signal from the ortho-protons shifts
downfield with higher concentrations, indicating the formation of C—H---O interactions
(Fig. 4.4a). The data from Table 4.2 show that, again as expected from the unsubstituted
compound (Chapter 3), the change in chemical shift upon C-H---O formation is much
smaller than that upon N-H---O formation. But whereas there was a substituent effect on

the N-H--O interaction, the Ad for C—H:-O formation is either unaffected by the
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presence of the p-methyl substituent or the influence is so small that it is not detected.
The curve data from Table 4.2 leads to an estimated association constant, but the same
discussion as in Chapter 3 holds here, and so there is no practical significance to this

value.

4.3.1.3 Low-temperature studies

The dilution experiment was repeated at low temperature, —30 °C. At this lower
temperature, the solubility limit was already reached at 0.3 M. The "H NMR spectra for
the N—H proton for the two extreme concentrations are shown in Fig. 4.5a and b, those
for the aromatic and methyl protons in Fig. 4.5¢ and d, and Table 4.3 lists the changes in
"H chemical shift for varying concentrations of p-methyl Ph—NH-NSO in CDCl;. Figures
4.6 and 4.7 show the plotted data from Table 4.3.

The most striking difference between the room and low temperature data lies in the
fact that the latter do not exhibit a cross-over point for signals from ortho- and meta-
protons below a concentration of 0.3 M (Fig. 4.5c and d). The analysis for the ortho-
proton signal is therefore much simplified through this lowering in temperature, and the
final result, i.e. the involvement of the ortho-proton in a C—H---O interaction, is verified.
The origin for the lack of cross-over lies in the altered trend for the meta-proton signal
upon an increase in concentration. Whereas at room temperature there is a slight
shielding effect (Fig. 4.4b), at low temperature a slight monotonous deshielding is
observed instead (Fig. 4.7a). The origin of this change is unknown at this time, but of no

great concern.
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Fig. 4.5 "H NMR spectra of p-methyl Ph—NH-NSO in the N-H region for a) 1.2 and b)
0.005 M and in the aromatic region for c¢) 1.2 and d) 0.005 M, in CDCl; at —30 °C. The
lines of the signals are given in large labels for clarity, and signals are identified as to

their molecular origin.
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Table 4.3 N-H and C-H chemical shifts (ppm) for varying concentrations (M) of

p-methyl Ph—NH-NSO in CDCl; at —30 °C (from one experiment only).

c O(N-H) d(ortho C—H) d(meta C—H) O(CHs)
0.300 10.995 7.191 7.243 2.345
0.200 10.905 7.197 7.237 2.349
0.100 10.700 7.196 7.228 2.354
0.050 10.559 7.191 7.222 2.356
0.025 10.397 7.183 7.216 2.358
0.005 10.232 7.165 7.218 2.360
a) b)

11.000 -

7.193 -

10.700 A
—_ _ 7.183 1 &
0 10.400 N o 7‘173 i

10.100 T T ) 7.163 T T )

0.00 0.10 0.20 0.30 0.00 0.10 0.20 0.30
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Fig. 4.6 Concentration dependence of the a) N-H and b) ortho C—H signal of p-methyl
Ph-NH-NSO in CDCl; at —30 ° C (from one experiment only). R* for the fitted curve is

2) 0.998 and b) 0.964.
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Fig. 4.7 Concentration dependence of the a) meta- and b) methyl-proton resonance in p-

methyl Ph—NH-NSO in CDCl; at —30 °C (from one experiment only).

Table 4.4 lists the important data from the regression curves of Fig. 4.6 and shows the
derived association constant, K. It is not surprising to see that the dimerization
equilibrium is greatly affected by the temperature, and K is much increased, by nearly a

factor of 4, at —30 °C.

Table 4.4 Selected experimental 'H chemical shifts & (ppm) for the p-methyl Ph—-NH-
NSO monomer and dimer in CDCl; at —30 °C, obtained as described in the text, initial

slope and derived equilibrium constant, K.

nucleus monomer dimer Ad (AS/Acm)o K
N-H 10.185 11.268 1.083 10.592 4.892¢
ortho C-H 7.143 7.197 0.054 0.720 6.759"

“ The regression from Fig. 4.6a is y = y, + a-x/(b+x), with yo 10.185, a 1.083 and b 0.102.

® The regression from Fig. 4.6b is y = yp + a-x/(b+x), with yo 7.143, a 0.054 and b 0.074.
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4.3.1.4 Comparison with computed chemical shifts
The calculated chemical shifts for the monomer and dimer are shown in Schemes 4.2 and
4.3, respectively. Overall, the computed results (A8) support the experimental '"H NMR

findings.

7.73 s
H N/ \o
7.50
H N
Sy
10.26
HsC H6.93
H7.40

Scheme 4.2 Calculated chemical shifts (ppm) of the protons in the syn p-methyl Ph—NH-

NSO monomer from OPBE/6-311++G(2df,pd)//B3LYP/6-31+G(2d,2p).

7.75 s H
2N
H N o H CHs;
751 |
Sy
1230 PN ]
.
7.94 \S/N H
H7 44

Scheme 4.3 Calculated chemical shifts (ppm) of the protons in the p-methyl Ph—NH—

NSO dimer from OPBE/6-311++G(2df,pd)//B3LYP/6-31+G(2d,2p).

The deshielding of 2.04 ppm calculated for the N-H proton upon H-bonding is
identical to that observed in the unsubstituted compound (Chapter 3), and even though

the calculated chemical shifts between the unsubstituted and the p-methyl substituted Ph—
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NH-NSO are slightly different, the methyl group effect on the N-H proton in both
monomer and dimer is the same. This picture for the ortho C—H protons is similar, but not
identical. The computed ortho average of 7.33 ppm in the monomer shifts to a computed
average of 7.94 ppm in the dimer, representing a deshielding of 0.52 ppm, whereas only a
0.50 ppm deshielding is computed for the unsubstituted compound (Chapter 3). Thus, the
substituent effect manifests itself in the C—H:--O interaction. If the size of the deshielding
is indeed a measure of the strength of the interaction, as it is for N-H--O, then the methyl
group strengthens C—H--O. This is an interesting finding, even though it is irrelevant for
the stability of the dimer, seeing that this small effect vanishes in light of all the other,
more energetically important, changes that occur upon dimerization.

In accord with findings on the unsubstituted compound (Chapter 3), the computed
values for C,,—H upon dimerization remain almost unchanged. The meta-protons show a
change from a 7.45 ppm average in the monomer to a 7.48 ppm average in the dimer.
This same 0.03 ppm deshielding was observed for the unsubstituted computed, which
showed an experimental small shielding trend (Chapter 3), whereas for the p-methyl
substituted compound this shielding is only observed at room temperature, and a
similarly small deshielding is observed at —30 °C. These different observations are
certainly not trivial in their explanation, and no further attempt at clarification has been

made (but see Chapter 3.3.3 for further general discussion).
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4.3.2 meta-Methyl substitution

4.3.2.1 The N-H---O interaction

The situtation for the m-methyl Ph-NH-NSO 'H NMR spectra in the N-H region is very
similar to both the unsubstituted (Chapter 3) and the p-methyl substituted compound.
Once again, only one averaged signal is observed in the N—H region, and its position is
concentration dependent. Compared to the unsubstituted and the p-methyl substituted Ph—
NH-NSO, meta substitution decreases 3(N—H) at both limits, that is, for the most
concentrated and the most diluted solution (Table 4.5). Also, while the unsubstituted and
p-methyl substituted compound show approximately the same chemical shift difference
over the 1.2 — 0.005 M concentration range, A 0.8 ppm, meta substitution leads to a Ad
of approximately 0.7 ppm. Even though these changes are not very large, they suggest
that the N-H---O interaction is affected by methyl-substitution in the meta position.

The complete assignment of the room temperature 'H NMR dilution spectra, which
are averaged over three independent determinations, is given in Table 4.5. Figure 4.8
depicts the corresponding N—H resonance concentration dependence, and Table 4.6 gives
the relevant data from the regression curve and derived association constant.

As was observed upon para-methyl substitution, dimerization is affected by the
methyl substituent at the meta position. While K values of 1.67 and 1.23 M were found
for the unsubstituted and the p-methyl Ph—NH-NSO, respectively, the even lower value
of 1.14 M is determined for the m-methyl compound, indicating that this is the least

stable dimer in the series.
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Table 4.5 N-H and C-H chemical shifts (ppm) for varying concentrations (M) of

m-methyl Ph—-NH-NSO in CDCl; at 25 °C.*

c O(N-H) o(orthol C-H) 9J(ortho2 C—-H) o(meta C—H) o(para C—-H) o(CHs)

1.200 10.760  7.098 7.071 7.214 6.896 2.338
1.000 10.730 7.099 7.071 7.219 6.901 2.343
0.800 10.683 7.101 7.069 7.223 6.907 2.345
0.600 10.625 7.103 7.068 7.233 6.916 2.356
0.400 10.528 7.101 7.063 7.242 6.925 2.366
0.200 10.363 7.094 7.049 7.251 6.933 2.371
0.100 10.244 7.085 7.038 7.253 6.939 2.372
0.050 10.180 7.083 7.031 7.257 6.941 2.375
0.025 10.132  7.079 7.027 7.260 6.943 2.377
0.005 10.082 7.074 7.023 7.259 6.944 2.377

“ Protons in ortho position are: orthol singlet, ortho2 doublet signal.

11.000 1~
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Fig. 4.8.Concentration dependence of the N—H proton resonance of m-methyl Ph—NH-

NSO in CDCl; at 25 °C (average from three experiments). R? for the fitted curve is 0.996.
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Table 4.6 Selected experimental 'H chemical shifts & (ppm) for the m-methyl Ph—-NH-—
NSO monomer and dimer in CDCls, obtained as described in the text, initial slope and

derived equilibrium constant, K.

nucleus monomer dimer A8 (A8/Acwm)o K
N-H 10.077 11.016 0.939 2.140 1.14¢
orthol C-H 7.072 7.104 0.032 0.314 4.90
ortho2 C-H 7.021 7.083 0.062 0.276 2.23¢

“ The regression from Fig. 4.8 is y = yo + a'x/(b+x), with y, 10.077, a 0.940 and b 0.439.
® The regression from Fig. 4.10d is y = yo + a-x/(b+x), with yo 7.072, a 0.033 and b 0.104.

“ The regression from Fig. 4.10d is y = y, + a-x/(b+x), with yo 7.021, a 0.063 and b 0.227.

4.3.2.2 The C,—H---O interaction

Unlike the unsubstituted and the p-methyl substituted phenyl ring, which are invariant in
their two rotamers, substitution in meta position leads to two distinguishable rotamers
that are referred to as meta-3 (methyl group and N-H on the same side) and meta-5
(Scheme 4.4).*° Hence, dimerization leads to three different species, two homo-dimers
and one hetero-dimer (Scheme 4.5), in all of which the two ortho positions are also
distinct. Thus, the main distinguishing characteristic of the "H NMR spectra in the
aromatic region of m-methyl Ph—NH-NSO is the presence of two ortho proton signals, a
singlet (referred to as orthol) and a doublet (ortho2). Figure 4.9 displays the spectra at
the solubility limit (1.2 M) and the limit of detectability in dilute solution (0.005 M) in
the aromatic region. The average chemical shifts from three independent experiments are

reported for all C—H protons in Table 4.5.
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The data from Table 4.5 indicate that resonances from protons in meta- and para-
positions as well as the methyl group shift upfield as the concentration increases, in
accord with those of the unsubstituted (Chapter 3) and the p-methyl substituted Ph—NH-
NSO. This concentration dependence is depicted in Fig. 4.10a to c. In contrast, the
resonances of the two distinct ortho protons exhibit a similar pattern, the well-defined
deshielding, in their concentration dependence (Fig. 4.10d), indicating that both are
involved in C-H:-O interactions. Thus, the orthol C—H is interacting in the meta-3

rotamer, ortho2 in meta-5 and both are interacting in the hetero-dimer.
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Fig. 4.9 "H NMR spectra of m-methyl Ph—NH-NSO in the aromatic region for a) 1.2 and
b) 0.005 M in CDCls at 25 °C (three independent experiments). The signals are identified
as to their molecular origin. Refer to Table 4.5 for the average chemical shifts.
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Fig. 4.10 Concentration dependence of the a) meta, b) para, ¢) methyl and d) ortho C—H
resonance in m-methyl Ph—NH-NSO in CDCl; at 25 °C (average from three

experiments). R? for the fitted curves is Co; 0.945 (m) and Cy 0.994 (A).

Compared to the change in N—H chemical shift, the change for both §(C,—H) is again
much smaller, but, more importantly, the change for orthol is smaller than that for ortho2
(Table 4.6), and two different values for K were determined from the values for the two
ortho protons. While the values of K are once again not practically relevant (see
discussion in Chapter 3), the significance of the two differently sized ortho-proton

deshieldings is discussed together with the computational data in Chapter 4.3.2.4.
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4.3.2.3 Low-temperature studies

The temperature dependence of the proton resonances is similar to that observed for para-
methyl substitution. Sample spectra are plotted for —15 °C and —30°C in Fig. 4.11. Tables
4.7 and 4.8 list the proton chemical shifts for different concentrations at —15 and —30 °C,
and the table data are plotted in Figs. 4.12 to 4.15.

Unlike Fig. 4.7a, which revealed an unexpected near linear increase, rather than the
expected decrease, in chemical shift for the meta-protons in the p-methyl Ph—NH-NSO at
-30 °C, the corresponding Figs. 4.12 and 4.13 exhibit the general shielding effect
observed for hydrogen atoms that are not involved in hydrogen-bonding interactions.

Table 4.9 lists the data obtained from the regression curves for the N-H (Fig. 4.14)
and ortho-proton (Fig. 4.15) concentration dependences at the two different low
temperatures. Once again, K derived from the N-H dependences is larger than at room
temperature, and the lower the temperature is, the larger the K, which is in accord with
the expected shift of the dimerization equilibrium. The calculated K for the ortho-protons

follow that same trend.
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Table 4.7 N-H and C-H chemical shifts (ppm) for varying concentrations (M) of

m-methyl Ph—NH-NSO in CDCl; at —15 °C.

c N-H Co-H Co-H Cn—H C,H CH;
0.400 10.914 7.147 7.116 7.250 6.934 2.369
0.200 10.754 7.143 7.104 7.272 6.95 2382
0.100 10.592 7.134 7.089 7.280 6.959 2.389
0.050 10.411 7.120 7.07 7.286 6.963 2.394
0.025 10.337 7.113 7.061 7.287 6.966 2.394
0.005 10.180 7.098 7.044 7.2897 6.967 2394

Table 4.8 N-H and C-H chemical shifts (ppm) for varying concentrations (M) of

m-methyl Ph—NH-NSO in CDCl; at —30 °C.

c N-H Co-H Co-H Cn—H C,H CH;
0.300 10.843 7.160 7.122 7.287 6.962 2.392
0.200 10.729 7.153 7.111 7.292 6.969 2.396
0.100 10.658 7.148 7.104 7.294 6.969 2.398
0.050 10.564 7.135 7.087 7.297 6.973 2.400
0.025 10.369 7.123 7.071 7.30 6.976 2.400

0.005 10.181 7.106 7.049 7.302 6.978 2.401
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Fig. 4.11 '"H NMR spectra of m-methyl Ph-NH-NSO in the aromatic region at —15 °C for
a) 1.2 and b) 0.005 M and at —30 °C for ¢) 1.2 and d) 0.005 M, in CDCl;. Signals are

identified as to their molecular origin.
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Fig. 4.12 Concentration dependence of the a) meta, b) para and ¢) methyl C—H signal of

m-methyl Ph—NH-NSO in CDCl; at —15 °C (from one experiment only).
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Fig. 4.13 Concentration dependence of the a) meta, b) para and ¢) methyl C—H signal of

m-methyl Ph—NH-NSO in CDCl; at —30 °C (from one experiment only).
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Fig. 4.14 Concentration dependence of the N-H proton resonance in m-methyl Ph—NH—-
NSO in CDCl; at a) —15 and b) —30 °C (one experiment each only). R for the fitted

curves is a) 0.998 and b) 0.964.
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Fig. 4.15 Concentration dependence of the two ortho proton resonances of the m-methyl
Ph-NH-NSO in CDCl; at a) 30 and b) —15 °C (one experiment only). R for the fitted

curves is a) 0.993 (m C,;) and 0.996 (A C,;) and b) 0.995 (m C,1) and 0.998 (A C,,).
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Table 4.9 Selected experimental 'H chemical shifts & (ppm) for the meta-methyl Ph—NH-
NSO monomer and dimer in CDCl3, at —15 and —30 °C, obtained as described in the text,

initial slope and derived equilibrium constant, K.

nucleus monomer dimer AS (A8/Acwm)o K

—15°C

N-H 10.153 11.164 1.011 7.602 3.76"

orthol C-H 7.093 7.156 0.063 1.090 8.65"

ortho2 C-H 7.040 7.135 0.095 0.990 5.21°
-30°C

N-H 10.116 10.956 0.840 14.372 8.55¢

orthol C-H 7.099 7.169 0.070 1.503 10.74°

ortho2 C-H 7.040 7.133 0.093 1.856 9.98'

“ The regression from Fig. 4.14a is y = yo + a'x/(b+x), with yo 10.153, a 1.011 and b
0.133.° The regression from Fig. 4.15a 1s y = yp + a-x/(b+x), with yp 7.093, a 0.063 and b
0.058. © The regression from Fig. 4.15a is y = y, + a-x/(b+x), with y, 7.040, a 0.095 and b
0.096. ¢ The regression from Fig. 14b is y = yp + a-x/(b+x), with yy 10.116, a 0.839 and b
0.0.058. ° The regression from Fig. 4.15b is y = y, + a-x/(b+x), with yy 7.099, a 0.070 and
b 0.046.” The regression from Fig. 4.15b is y = yo + a-x/(b+x), with yy 7.04, a 0.093 and

b 0.050.

4.3.2.4 Comparison with computed chemical shifts
Methyl substitution in meta position results in two different conformers, meta-3 and

meta-5 (Scheme 4.4). From B3LYP/6-31+G(2d,2p), the free energy difference at room
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temperature (AGpog) between meta-3 and meta-5 is 0.5 kcal mol_l, with meta-3 being
more stable; meta-5 is more stable from the electronic energies (E) by only 0.04 kcal
mol ™. This translates into an equilibrium population of 70:30 (from AGyes) or 48:52
(from AE.). Scheme 4.4 shows the computed proton chemical shifts for the two
monomers, and Table 4.10 gives the averages as they would be observed for the torsional
equilibrium at low concentration, estimated from AGygg and AE.. As can be seen for the
N-H values from either Scheme 4.4 or Table 4.10, the substitution pattern of the aromatic
ring does basically not affect these protons, either between the two rotamers or with
respect to para-substitution (Scheme 4.2). Even though Scheme 4.4 shows that the
individual chemical shifts for each proton do not differ much between the two monomers,
Table 4.10 illustrates that the chemical shift difference between the two ortho protons, as
shown in Fig. 4.9 and Table 4.6, at low concentration is only reproduced in the AE,
averaged data, i.e. the doublet signal is found at a smaller & value. In other words, the

monomer equilibrium is close to a K of 1.

S S
761 H N/ ko 767H N/ \O

7.58 H N\H H4C N\H
10.25 10.26

H H H H
7.22 6.82 7.19 6.83
CH "7 47
meta-3 meta-5

Scheme 4.4 Calculated chemical shifts (ppm) of the protons in the two rotamers of the
syn m-methyl Ph—NH-NSO monomer from OPBE/6-311++G(2df,pd)//B3LYP/6-

31+G(2d,2p)
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Table 4.10 Computed average 'H chemical shifts & (ppm) in the syn m-methyl Ph-NH—

NSO monomer and dimer.

nucleus monomer average o dimer average o
from AGog” from AE, from AGog° from AE,"
N-H 10.25 10.26 12.29 12.29
orthol C-H* 7.04 7.26 7.75 7.77
ortho2 C-H 7.41 7.20 7.75 7.73
meta C—H 7.55 7.52 7.55 7.56
para C—-H 7.21 7.20 7.25 7.25

“ Equilibrium population is 74 % meta-3, 26 % meta-5. ” Equilibrium population is 48 %
meta-3, 52 % meta-5. © Equilibrium population is 22 % 2-meta-3, 45 % 2-meta-5, 33 %
meta-3,5. ¢ Equilibrium population is 33 % 2-meta-3, 33 % 2-meta-5, 34 % meta-3,5. ©

Singlet signal.” Doublet signal.

The two monomers can hydrogen bond into two homo-dimers and one hetero-dimer
(Scheme 4.5). From the three possible dimers, the meta-5 homo-dimer is most stable in
AGa9s, whereas the hetero-dimer is most stable in AE,, yet the equilibrium populations at
high concentration do not differ much. For 2-meta-3:2-meta-5:meta-3,5, the composition
1s 22:45:33 (AGaeg) or 33:33:34 (AE.)). Scheme 4.5 shows the computed chemical shifts
for all three dimers, and their comparison demonstrates, again, only small differences
between the two sets of ortho proton values. For the N-H chemical shift difference upon
dimerization, the difference in equilibrium composition is again not relevant (Table 4.10),

and a deshielding of 2.03 — 2.04 ppm is calculated, in accord with the size of the
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deshieldings in the unsubstituted and the para-methyl substituted Ph—NH-NSO upon
dimerization. More interesting is the situation for the two ortho protons. From Fig. 4.10d,
it is clear that these two proton resonances converge for high concentration, and this is
captured by either of the two equilibrium compositions. Yet, once again, it is the
composition from AE. that maintains a small chemical shift difference, and so the

conclusion is the same for the dimers as it is for the monomers. The dimer equilibrium is
about 1:1:1.

With the AE, data from Table 4.10, the changes in chemical shift for the ortho
protons observed upon an increase in concentration (Fig. 4.10) can now be understood. It
is the singlet signal (orthol) that is affected less (Ad 0.51 ppm) than the doublet signal

(ortho2, Ad 0.53 ppm), but this is only possible if meta-5 is present to at least about 50 %.
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Scheme 4.5 Calculated chemical shifts (ppm) of the protons in the m-methyl Ph—NH—
NSO dimers from a) two meta-3, b) two meta-5 and c) meta-3 and -5 monomers, from

OPBE/6-311++G(2df,pd)//B3LYP/6-31+G(2d,2p).

4.4 Conclusions
Two methyl substituted Ph-NH-NSO’s were studied, through 'H NMR dilution and
computationally, with respect to the nature of the hydrogen-bonding network in the dimer

as well as to a potential methyl substituent effect. Overall, for meta and para substitution,
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the formation of hydrogen-bonded dimers was demonstrated through the characteristic
downfield shift of N-H and ortho C—H proton resonances, indicating both N-H---O and
C-H--O interactions, similar to what was found in the unsubstituted compound. The
dimerization constants obtained from the N-H concentration dependences were
somewhat smaller than that previously observed for the unsubstituted compound,
indicating a small substituent effect and weaker dimers.

The computed N-H resonances are at smaller chemical shifts for meta and para
substitution than for the unsubstituted Ph—NH-NSO, again demonstrating a small methyl
substituent effect on the remote N—H proton in the monomers. Overall, the computational
results agree well with the experimental findings, even though the absolute size of the
deshielding for N-H and ortho C—H protons is overestimated computationally. Protons in
meta and para position are not substantially effected upon dimer formation. For meta
substitution, the computational results for the two distinct ortho protons enabled a
detailed analysis of the experimental results with respect to monomer and dimer
equilibrium composition. Thus, the observed differences in chemical shift as well as size
of the deshielding upon dimerization were only reproduced for balanced equilibria, that
is, a 1:1 population of the two monomer rotamers and a 1:1:1 population of the three

possible hydrogen-bonded dimers.
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Chapter 5. Conclusions and future work
The incentive for carrying out this 'H NMR study in the dimerization behaviour of N-
phenyl-N’-sulfinylhydrazine (Ph—NH-NSO) is the belief that some aspect of the weak
interactions that are present upon dimerization may only be probed conveniently through
the use of proton resonance. Prior work, using infrared spectroscopy and computed
electron densities, in this group had highlighted N-H---O interactions in the hydrogen-
bonding network in the cyclic dimer. Computationally, the further participation of C—
H---O interactions from ortho-protons was suggested. Therefore, in particular, this present
study was performed to understand the participation of C,—H--O (C,—H indicating the
ortho position) interactions in the dimers of Ph—NH-NSO’s. Proton NMR spectra in
CDCls, recorded from the limit of detectability in dilute solution to the solubility limit,
were conducted and analyses were carried out with specific emphasis on the N-H and
Cs—H protons. Upon dilution, a dissociation equilibrium exists and a measure of the
strength of the hydrogen-bonding network in the dimer can be obtained through the
equilibrium (dimerization or association) constant derived from the concentration
dependence regression curve for the N-H proton. The B3LYP/6-31+G(2d,2p) model
chemistry was used to characterize the monomer and dimer through geometry
optimization, and the OPBE/6-311++G(2df,pd)//B3LYP/6-31+G(2d,2p) model chemistry
was employed to obtain proton isotropic shieldings that were converted to chemical
shifts.

The first aspect of this research work described the behaviour of both the N-H--O
and the C,—H--O interaction in the unsubstituted Ph—-NH-NSO. Strong experimental

evidence for the participation of the C,—H:--O interaction in Ph—NH-NSO was obtained.
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This was achieved through the observation of the concentration dependence of the proton
chemical shifts for both the N-H and the C,—H signals. Thus, the direction for AJ, a
characteristic increase in chemical shift, for the two types of nuclei upon an increase in
concentration was consistent. This was in contrast to the behaviour of the non-
participating protons (the meta- and para-protons), which showed a slight shielding upon
dimerization. From the 'H NMR spectra in the N-H region, the equilibrium constant for
association (monomer to cyclic, hydrogen-bonded dimer) was obtained to be 1.7 M.
The computed chemical shifts supported the large deshielding observed experimentally
for N-H and C,—H protons, whereas only very small changes in chemical shift were
calculated for protons in meta- and para-position, also in support of the experimental
data.

The next section dealt with the investigation of methyl-substituted Ph—NH-NSO at
the meta and para position. Proton NMR dilution results, conducted at both room (25 °C)
and low (down to —30 °C) temperature, show that the hydrogen-bonding network that
was present in the unsubstituted Ph—NH-NSO cyclic dimer also occurred in the dimers of
the substituted Ph—NH-NSO’s. The chemical shifts over the same concentration range
were dependent on substitution at the two different positions, and substituent effects on
the hydrogen bond network or on the overall dimer stability were observed, yet all such
effects were very small. Thus, the association constants at room temperature were 1.1
M for meta- and 1.2 M for para-substitution. In the low-temperature studies, the
equilibrium constant was larger by a factor of about 4. Interestingly, for the
unsymmetrical m-methyl Ph—NH-NSO, the involvement of both ortho-protons could be

captured individually from the NMR spectra, and the doublet signal is affected more
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strongly. The calculations reveal a somewhat higher stability of the meta-3 monomer
(methyl group on the same side as N—H), whereas the homodimer from the rotamer meta-
5 was most stable. From the computed, weighted chemical shifts, it was deduced that the
experimental equilibria were predicted accurately by the calculations.

Even though all computed chemical shift differences differ from the experimental
results in size, all results favour the C,—H bond as a hydrogen bond donor in Ph—NH-
NSO’s. The original controversy about the hydrogen-bonding network in the dimer of N-
phenyl-N’-sulfinylhydrazine, from diffraction analyses versus a computational study,
centered around the involvement of a C—H--O interaction. With the evidence for C,—
H--O interactions provided in this work, through 'H NMR dilution studies, this

controversy has finally been resolved.

In the Introduction, both qualitative and quantitative statements about the effect of
various substituents on the hydrogen bonding interaction were made. Yet in this work,
only the methyl substituent was assessed, and it led to predictably (very) small effects.
For a more general treatment, and for possibly much larger effects, further studies should
be conducted on strong electron acceptors such as NO, or CN and strong electron donors
such as OCHs;.

Finally, since the changes in the C—H chemical shifts differences upon dilution were
small, it might be desirable to quantify the C,—H---O interaction through nuclear magnetic

coupling, 'Jcy, as it has been shown to be a valuable tool in hydrogen bonding analyses.
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Chapter 6. Experimental

6.1 "H NMR spectroscopy

'H NMR spectra were run on a Varian VNMR-500 spectrometer at Concordia University.
A 5 mm probe was used and the spectra were referenced to tetramethylsilane (TMS), 12
% in deutero-chloroform. For the temperature studies, cold nitrogen gas and dry ice were
used for lowering the temperature of the sample. A methanol standard was used to

calibrate the temperature probe. Chemical shifts are reported as 6 from TMS in ppm.

6.2 '"H NMR sample preparation (dilution studies)

A standard stock solution (1.2 M) was prepared by transferring an accurately weighed
amount of the compound (PhNHNSO, m-CH;-C¢Hs-PhNHNSO, p-CH;3-CeHs-
PhNHNSO) to a 5 mL volumetric flask and adding deuterochloroform. The flask was
covered to prevent evaporation. From the stock solution, aliquots were measured
according to the desired concentration (1.0, 0.8, 0.6, 0.4, 0.2, 0.1, 0.05, 0.025, 0.005 M)
into a 1 mL volumetric flask. The solutions were diluted as before. With the aid of a
clean pasteur pipette, a sample was transferred into the NMR tube, to a height of 5 cm,

for analysis.

6.3 Syntheses
6.3.1 N-phenyl-N’-sulfinylhydrazine
A 250 mL three-neck round bottom flask, equipped with two dropping funnels,

containing 15 mL of anhydrous diethyl ether and a magnetic stirring bar was fitted with a
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calcium chloride drying tube and placed in an ice bath at 0 °C. 3.89 mL (4.82 g, 0.035
mol) of N-thionylaniline was dissolved in 10 mL of anhydrous diethyl ether in one
dropping funnel. 3.40 mL (3.74 g, 0.027 mol) of phenylhydrazine was mixed with 10 mL
of anhydrous diethyl ether in the second dropping funnel. The reactants were added
simultaneously, at a rate of one drop per second, with continuous stirring. After
completion of the addition, the mixture was stirred for 1 h at 0 °C. The yellow precipitate
was collected by vacuum filtration and was washed with cold diethyl ether. The filtrate
was transferred into a round bottom flask, and most of the ether was evaporated under
vacuum. The remaining mixture was cooled in an ice bath until further yellow crystals
were formed. The second batch of crude product was collected by suction filtration and
washed with diethyl ether. The total product obtained was recrystallized from 99 %
ethanol. Crude yield: 2.80 g (86% recovered from free base). Yield: 2.10 g (66 %
recovered from recrystallization) (lit. 89 %), yellow crystals. Melting point: 102 — 105 °C

(lit. 103.5 - 105.5 °C).”

6.3.2 p-Methyl N-phenyl-N’-sulfinylhydrazine

6.3.2.1 p-Tolylhydrazine free base

In a 250 mL beaker containing a magnetic stirrer, 8.00 g (0.051 mol) p-tolylhydrazine
hydrochloride was dissolved in 90 mL warm (50 °C) distilled water. After dissolution,
the solution pH was adjusted to about 11 through addition of 2 M aqueous NaOH (2.0 g
of NaOH in 25 mL of distilled water). A colourless precipitate was obtained and
collected by vacuum filtration. The precipitate was washed with 40 mL of cold distilled

water and the product was allowed to dry through suction. About 40 g of NaCl was added
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to the filtrate to precipitate further crude product. These were again collected by vacuum
filtration, wash with about 10ml of water and added to the first crop Yield: 5.60 g (90 %),

colourless crystals, m.p. 56 — 58 °C (55 — 57 °C).'#

6.3.2.2 p-Methyl N-phenyl-N’-sulfinylhydrazine

A 100 mL three-neck round bottom flask, equipped with two dropping funnels,
containing 50 mL chloroform and a magnetic stirring bar was fitted with a calcium
chloride drying tube and placed in an ice bath at 0 °C. The free base p-tolylhydrazine
(5.60 g, 0.046 mol) was dissolved in 30 mL of chloroform in one dropping funnel. 8.1mL
(10.0 g, 0.072 mol) of N-thionylaniline was measured into the second dropping funnel.
The reactants were added simultaneously, at a rate of one drop per second, with
continuous stirring for 30 min. After completion of the addition, the mixture was stirred
for 1 h at 0 °C, then poured into a 100 mL round bottom flask, and most of the
chloroform was evaporated under vacuum. A solid yellow crude was collected by
vacuum filtration. The crude was washed with 30 mL of cold ethanol, followed with 25
mL of water. The residue was air dried and was recrystallized from 99 % ethanol. Crude
yield: 5.51g (71.4 %), yield: 3.9 g (51 %) yellow needle-like crystals, m.p. 109 — 110.5

°C (lit. 112 °C)."”

6.3.3 m-Methyl N-phenyl-N’-sulfinylhydrazine
6.3.3.1 m-Tolylhydrazine free base
In a 100 mL beaker containing a magnetic stirrer, 5.0 g (0.032 mol) m-tolylhydrazine

hydrochloride was dissolved in 45 mL warm (50 °C) distilled water. After dissolution,
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the solution pH was adjusted to about 11 through addition of 2 M aqueous NaOH (2.0 g
of NaOH in 25 mL of distilled water). The solution was transferred to a separatory funnel
and NaCl was added. The mixture was extracted using diethyl ether. A final brownish red

liquid product was obtained by evaporating most of ether. Yield: 2.6 g (52%).

6.3.3.2 m-Methyl N-phenyl-N’-sulfinylhydrazine

A 50 mL three-neck round bottom flask, fitted with a dropping funnel (a drying tube
filled with CaCl, was attached to the three three-neck round bottom flask.), and
containing a magnetic stirrer, 5 mL of chloroform and 2.9 g (0.024 mol) m-
tolylhydrazine, was placed in an ice bath at 0 °C. 6.0 g (0.043mol) of N-thionylaniline
was added dropwise under stirring. After addition, 40 mL of diethyl ether was added, and
stirring was continued for 1 hour. Most of the ether was evaporated under vacuum and a
yellow solid precipitate was collected by vacuum filtration. The solid was washed with a
small amount of ether, followed by 20 mL of distilled water. The crude product was
purified by recrystallization from 99 % ethanol. Crude yield: 2.98 g (75 %), yield: 1.92 g

(48 %) yellow powder, m.p. 86 — 88 °C (lit. 90 °C)."

6.3.4 p-Chloro N-phenyl-N’-sulfinylhydrazine

6.3.4.1 p-Chlorophenylhydrazine free base

In a 100 mL beaker containing a magnetic stirrer, 8.35 g (0.047 mol) p-
chlorophenylhydrazine hydrochloride was dissolved in 50 mL warm (50 °C) water. After
dissolution, the solution pH was adjusted to about 11 through addition of 2 M aqueous

NaOH (2.0 g of NaOH in 25 mL of distilled water). The solution was transferred into a
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separatory funnel and NaCl was added. The mixture was extracted using diethyl ether,
and the organic layer was dried over Na,SO4. The mixture was transferred into a round
bottom flask and most of the ether was evaporated under vacuum. After evaporation of

the ether, colourless crystals were obtained. Yield: 4.82 g (72 %).

6.3.4.2 p-Chloro N-phenyl-N’-sulfinylhydrazine

A 50 mL three-neck round bottom flask, fitted with a CaCl, drying tube and a dropping
funnel, and containing a magnetic stirrer, 5 mL diethyl ether and 4.8 g (0.034 mol) p-
chlorophenylhydrazine, was placed in an ice bath at 0 °C. 8.0 g (0.058mol) of N-
thionylaniline was added dropwise under stirring. After addition, 20 mL of diethyl ether
was added and stirring was continued for 1 hour. Most of the ether was evaporated under
vacuum and a yellow solid precipitate was collected after vacuum filtration. The solid
was washed with a small amount of diethyl ether and recrystallized from 99 % ethanol.
Crude Yield: 2.4 g (38 %), yield: 2.0 g (31 %) yellow crystals, m.p. 154 — 156 °C (lit.

159 °C)."”

6.3.5 m-Chloro N-phenyl-N’-sulfinylhydrazine

6.3.5.1 m-Chorophenylhydrazine free base

In a 100 mL beaker containing a magnetic stirrer, 8.35 g (0.047 mol) m-
chlorophenylhydrazine hydrochloride was dissolved in 50 mL warm (50 °C) water. After
dissolution, the solution pH was adjusted to about 11 through addition of 2 M aqueous
NaOH (2.0 g of NaOH in 25 mL of distilled water). The solution was transferred into a

separatory funnel and NaCl was added. The mixture was extracted using diethyl ether,
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and the organic layer was dried over Na,SO4. The mixture was transferred into a round
bottom flask and most of the ether was evaporated under vacuum. An oily brown liquid

was obtained after evaporation of most of the ether. Yield: 2.8 g (42 %).

6.3.5.2 m-Chloro N-phenyl-N’-sulfinylhydrazine

A 50 mL three-neck round bottom flask, fitted with a CaCl, drying tube and a dropping
funnel, and containing a magnetic stirrer, 5 mL diethyl ether and 4.8 g (0.034 mol) m-
chlorophenylhydrazine, was placed in an ice bath at 0 °C. 8.0 g (0.058 mol) of N-
thionylaniline was added dropwise under stirring. After addition, 20 mL of diethyl ether
was added and stirring was continued for 1 hour. Most of the ether was evaporated under
vacuum and a yellow solid precipitate was collected after vacuum filtration. The solid
was washed with a small amount of diethyl ether and recrystallized from 99 % ethanol.

Crude Yield: 1.8 g (28 %), yield: 1.02 g (16 %) yellow crystals, m.p. 117 — 119 °C.

6.3.6 p-Nitro N-phenyl-N’-sulfinylhydrazine

6.3.6 1 p-Nitro N-phenyl-N’-sulfinylhydrazine free base

In a 100 mL beaker containing a magnetic stirrer, 8.40 g (0.044 mol) p-
nitrophenylhydrazine hydrochloride was dissolved in 50 mL warm (50 °C) water. After
dissolution, the solution pH was adjusted to about 11 through addition of 2 M aqueous
NaOH (2.0 g of NaOH in 25 mL of distilled water). The solution was transferred into a
separatory funnel and NaCl was added. The mixture was extracted using diethyl ether,

and the organic layer was dried over Na,SO4. The mixture was transferred into a round
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bottom flask and most of the ether was evaporated under vacuum. Colourless to brown

crystals was obtained after evaporation of the ether. Yield: 4.2 g (62 %).

6.3.6 2 p-Nitro N-phenyl-N’-sulfinylhydrazine

A 50 mL three-neck round bottom flask, fitted with a CaCl, drying tube and a dropping
funnel, and containing a magnetic stirrer, 5 mL diethyl ether and 4.2 g (0.027 mol) p-
nitrophenylhydrazine, was placed in an ice bath at 0 °C. 8.0 g (0.058 mol) of N-
thionylaniline was added dropwise under stirring. After addition, 20 mL of diethyl ether
was added and stirring was continued for 1 hour. Most of the ether was evaporated under
vacuum and a yellowish to brown powder was obtained which was collected after
vacuum filtration. The product was washed with a small amount of diethyl ether and
recrystallized from 99 % ethanol. Crude Yield: 2.5 g (47%), yield: 1.86 g (35 %)

yellowish to brown needle-like crystals, m.p. 120 — 122 °C (lit. 209 °C)."

6.3.7 m-Nitro N-phenyl-N’-sulfinylhydrazine

6.3.7 1 m-Nitro N-phenyl-N’-sulfinylhydrazine free base

In a 100 mL beaker containing a magnetic stirrer, 8.0 g (0.042 mol) m-
nitrophenylhydrazine hydrochloride was dissolved in 50 mL warm (50 °C) water. After
dissolution, the solution pH was adjusted to about 11 through addition of 2 M aqueous
NaOH (2.0 g of NaOH in 25 mL of distilled water). The solution was transferred into a
separatory funnel and NaCl was added. The mixture was extracted using diethyl ether,

and the organic layer was dried over Na,SO4. The mixture was transferred into a round
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bottom flask and most of the ether was evaporated under vacuum An oily brown liquid

was obtained after evaporation of most of the ether. Yield: 3.2 g (50 %).

6.3.7.2 m-Nitro N-phenyl-N’-sulfinylhydrazine

A 50 mL three-neck round bottom flask, fitted with a CaCl, drying tube and a dropping
funnel, and containing a magnetic stirrer, 5 mL diethyl ether and 3.2 g (0.021 mol) m-
nitrophenylhydrazine, was placed in an ice bath at 0 °C. 8.0 g (0.058 mol) of N-
thionylaniline was added dropwise under stirring. After addition, 20 mL of diethyl ether
was added and stirring was continued for 10 hours. Most of the ether was evaporated
under vacuum and a yellow solid precipitate was collected after vacuum filtration. The
solid was washed with a small amount of diethyl ether and recrystallized from 99 %
ethanol. Crude Yield: 2.2 g (53%), yield: 1.60 g (38 %) light yellow crystals, m.p. 110 —

114 °C (lit. 185°C)."”
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Appendix A. Derivation for the modified equation developed by Schoolery, which

was used in the determination of the self-association constant

For the chemical shift 6 of an exchange average NMR line in a selfassociation reaction

equilibrium mixture:

M M),
d=0m [M]/em + 28p (em-[M])/2em = [M] (OM-0D)/CM T 0D wevevvenvieniaiiaieannnnn. eq. 1
where [M] is the concentration of the monomer at equilibrium, ¢y is the initial
concentration of the monomer and &y and &p are the chemical shifts of the monomer and
the dimer, respectively.
The initial concentration of monomers may be found as the root of the quadratic
equation:
OM = [V 2K IV e eq. 2

where K is the constant for the self-association equilibrium.

[M] =20M/(1F/ 1 4 BKCM ) - e eneeneeeee e eq. 3

Using the expression in (1) and differentiating with respect to cy we get:

do/dey = -8K(dm-0p)/ {(1+\/1 + 8KCM)2\/1 + BKep oo eq. 4
With cy approaching zero, the denominator approaches 4. Hence:

AS/(ACM)0 = 2K (O = OM) -+t eenee et et et e e eq. 5
where dd/dcy is the initial slope and (8p — Oy) is the change in chemical shift, AJ,

between dimer (6p) and momer (Oy).
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Appendix B. Experimental N-H and C-H chemical shifts (ppm) for varying

concentrations for unsubstituted and substituted PANHNSO

Raw data

Table B1 Experimental N-H and C—H chemical shifts (ppm) for varying concentrations
(M) of Ph—=NH-NSO in CDCl; (one experiment only), run 1

Table B2 Experimental N—H and C—H chemical shifts (ppm) for varying concentrations
(M) of Ph—NH-NSO in CDCl; (one experiment only), run 2

Table B3 Experimental N-H and C—H chemical shifts (ppm) for varying concentrations
(M) of Ph—NH-NSO in CDCl; (one experiment only), run 3

Table B4 Experimental N-H and C—H chemical shifts (ppm) for varying concentrations
(M) of p-Me Ph—NH-NSO in CDCl; (one experiment only)

Table B5 Experimental N-H and C—H chemical shifts (ppm) for varying concentrations
(M) of p-Me Ph—-NH—-NSO in CDCl; (one experiment only)

Table B6 Experimental N-H and C—H chemical shifts (ppm) for varying concentrations
(M) of p-Me Ph—-NH—-NSO in CDCl; (one experiment only)

Table B7 Experimental N-H and C—H chemical shifts (ppm) for varying concentrations
(M) of m-Me Ph—NH—-NSO in CDCl; (one experiment only)

Table B8 Experimental N-H and C—H chemical shifts (ppm) for varying concentrations
(M) of m-Me Ph—NH-NSO in CDCl; (one experiment only)

Table B9 Experimental N-H and C—H chemical shifts (ppm) for varying concentrations

(M) of m-Me Ph—NH—-NSO in CDCl; (one experiment only)
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Table B1 Experimental N-H and C—H chemical shifts (ppm) for varying concentrations

(M) of Ph—NH—NSO in CDCl; (one experiment only), run 1.

c O(N-H) O(ortho C-H)  d(meta C—H)  d(para C—H)
1.200 10.914 7.285 7.326 7.073
1.000 10.892 7.287 7.316 7.077
0.800 10.839 7.285 7.334 7.079
0.600 10.777 7.287 7.343 7.087
0.400 10.668 7.283 7.359 7.102
0.200 10.513 7.275 7.373 7.117
0.100 10.374 7.263 7.379 7.122
0.050 10.288 7.252 7.383 7.125
0.025 10.211 7.244 7.385 7.128
0.005 10.135 7.236 7.387 7.130
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Table B2 Experimental N-H and C—H chemical shifts (ppm) for varying concentrations

(M) of Ph—NH-NSO in CDCl; (one experiment only), run 2.

c O(N-H) O(ortho C-H)  d(meta C—H)  d(para C—H)
1.200 10.916 7.288 7.323 7.07
1.000 10.898 7.285 7.328 7.069
0.800 10.868 7.285 7.339 7.075
0.600 10.822 7.285 7.349 7.096
0.400 10.705 7.281 7.362 7.106
0.200 10.53 7.273 7.373 7.116
0.100 10.387 7.263 7.381 7.124
0.050 10.278 7.253 7.382 7.125
0.025 10.193 7.245 7.384 7.127
0.005 10.118 7.238 7.387 7.129
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Table B3 Experimental N-H and C—H chemical shifts (ppm) for varying concentrations

(M) of Ph—NH-NSO in CDCl; (one experiment only), run 3.

c O(N-H) O(ortho C-H)  d(meta C—H)  d(para C—H)
1.200 10.915 7.287 7.328 7.073
1.000 10.898 7.285 7.327 7.073
0.800 10.853 7.286 7.336 7.074
0.600 10.765 7.285 7.353 7.087
0.400 10.663 7.283 7.360 7.102
0.200 10.507 7.273 7.372 7.117
0.100 10.36 7.261 7.382 7.122
0.050 10.248 7.249 7.381 7.125
0.025 10.184 7.246 7.385 7.128
0.005 10.127 7.234 7.386 7.130
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Table B4 Experimental N-H and C-H chemical shifts (ppm) for varying concentrations

(M) of p-Me Ph—NH-NSO in CDCl; (one experiment only), run 1.

c O(N-H) O(ortho C-H)  d(meta C—H) O(CHs)
1.200 10.871 7.181 7.118 2.289
1.000 10.837 7.182 7.124 2.294
0.800 10.787 7.182 7.133 2.302
0.600 10.712 7.182 7.1144 2.311
0.400 10.598 7.172 7.154 2.319
0.200 10.454 7.166 7.166 2.327
0.100 10.311 7.159 7.168 2.331
0.050 10.220 7.142 7.180 2.333
0.025 10.166 7.138 7.181 2.334
0.005 10.098 7.132 7.183 2.327

100



Table B5 Experimental N-H and C-H chemical shifts (ppm) for varying concentrations

(M) of p-Me Ph—NH-NSO in CDCl; (one experiment only), run 2.

c O(N-H) O(ortho C-H)  d(meta C—H) O(CHs)
1.200 10.887 7.120 7.180 2.288
1.000 10.84 7.131 7.181 2.298
0.800 10.787 7.138 7.181 2.304
0.600 10.695 7.156 7.179 2.314
0.400 10.625 7.162 7.175 2.320
0.200 10.415 7.161 7.167 2.330
0.100 10.321 7.156 7.172 2.332
0.050 10.290 7.143 7.179 2.333
0.025 10.143 7.137 7.181 2.335
0.005 10.103 7.132 7.184 2.337
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Table B6 Experimental N-H and C-H chemical shifts (ppm) for varying concentrations

(M) of p-Me Ph—NH-NSO in CDCl; (one experiment only), run 3.

c O(N-H) O(ortho C-H)  d(meta C—H) O(CHs)
1.200 10.885 7.120 7.180 2.290
1.000 10.848 7.131 7.181 2.296
0.800 10.801 7.138 7.181 2.303
0.600 10.718 7.156 7.179 2.312
0.400 10.608 7.162 7.175 2.320
0.200 10.505 7.161 7.167 2.324
0.100 10.271 7.156 7.172 2.338
0.050 10.238 7.143 7.179 2.333
0.025 10.207 7.137 7.181 2.335
0.005 10.112 7.132 7.184 2.336
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Table B7 Experimental N-H and C—H chemical shifts (ppm) for varying concentrations

(M) of m-Me Ph—-NH-NSO in CDCl; (one experiment only), run 1.

c S(N-H)  8(Co-H) 8(Co-H) 8(Cu-H) 8(CyH)  5(CHj)
1.2 10.760 7.099 7.071 7218 6.900 2342
1.0 10.723 7.102 7.072 7.223 6.906 2.347
0.8 10.679 7.102 7.069 7.225 6.909 2.349
0.6 10.646 7.102 7.068 7.233 6.916 2.355
0.4 10.559 7.101 7.062 7.241 6.924 2.362
0.2 10.387 7.093 7.051 7.251 6.933 2.371
0.1 10.271 7.084 7.04 7.256 6.939 2.375

0.05 10.205 7.080 7.032 7.258 6.942 2.376

0.025 10.149 7.076 7.03 7.259 6.943 2.377

0.005 10.084 7.073 7.022 7.260 6.944 2.377
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Table B8 Experimental N-H and C-H chemical shifts (ppm) for varying concentrations

(M) of m-Me Ph—NH-NSO in CDCl; (one experiment only), run 2.

c S(N-H)  8(Co-H) 8(Co-H) 8(Cu-H) 8(CyH)  5(CHj)
1.2 10.758 7.099 7.071 7212 6.894 2.337
1.0 10.730 7.101 7.070 7.218 6.901 2.342
0.8 10.680 7.102 7.068 7.224 6.908 2.348
0.6 10.616 7.103 7.064 7.236 6.919 2.358
0.4 10.513 7.101 7.062 7.245 6.928 2.366
0.2 10.337 7.095 7.047 7.251 6.934 2.371
0.1 10.217 7.086 7.036 7.256 6.940 2.371

0.05 10.155 7.081 7.031 7.258 6.941 2.376

0.025 10.112 7.08 7.026 7.259 6.943 2.377

0.005 10.081 7.073 7.022 7.259 6.944 2.377
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Table B9 Experimental N-H and C-H chemical shifts (ppm) for varying concentrations

(M) of m-Me Ph—NH-NSO in CDCls(one experiment only), run 3.

c S(N-H)  8(Co-H) 8(Co-H) 8(Cu-H) 8(CyH)  5(CHj)
1.2 10.763 7.095 7.071 7211 6.894 2.336
1.0 10.734 7.095 7.071 7.215 6.898 2.340
0.8 10.690 7.099 7.071 7.222 6.905 2.346
0.6 10.613 7.102 7.072 7.231 6.915 2.354
0.4 10.513 7.102 7.065 7.240 6.923 2.362
0.2 10.366 7.094 7.049 7.250 6.933 2.370
0.1 10.245 7.085 7.037 7.211 6.938 2.370

0.05 10.181 7.080 7.031 7.256 6.940 2.374

0.025 10.136 7.0790 7.026 7.261 6.943 2.378

0.005 10.082 7.073 7.024 7.259 6.943 2.377
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Appendix C. "H NMR spectra for unsubstituted and substituted PANHNSO’s

Full sample spectra

Fig. C1 "H NMR Spectrum of N-phenyl-N’-sulfinylhydrazine

Fig. C2 '"H NMR Spectrum of p-Me N-phenyl-N’-sulfinylhydrazine at 25 °C
Fig. C3 '"H NMR Spectrum of p-Me N-phenyl-N’-sulfinylhydrazine at —30 °C
Fig. C4 '"H NMR Spectrum of m-Me N-phenyl-N’-sulfinylhydrazine at 25 °C
Fig. C5 '"H NMR Spectrum of m-Me N-phenyl-N’-sulfinylhydrazine at —15 °C

Fig. C6 'H NMR Spectrum of m-Me N-phenyl-N’-sulfinylhydrazine at =30 °C
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Fig. C1 "H NMR spectrum of N-phenyl-N’-sulfinylhydrazine for 1.2 M at 25 °C.
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Fig. C3 '"H NMR spectrum of p-Me N-phenyl-N’-sulfinylhydrazine for 1.2 M at —30 °C.
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Fig. C4 '"H NMR spectrum of m-Me N-phenyl-N’-sulfinylhydrazine for 1.2 M at 25 °C.
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Fig. C5 '"H NMR spectrum of m-Me N-phenyl-N’-sulfinylhydrazine for 1.2 M at —15 °C.
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Fig. C6 '"H NMR spectrum of m-Me N-phenyl-N’-sulfinylhydrazine for 1.2 M at —30 °C.
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Appendix D. Computational data provided from OPBE/6311++G(2df,pd)//B3LYP/

6-31+G(2d,2p)

D1 N-phenyl-N’-sulfinylhydrazine syn monomer

D2 N-phenyl-N’-sulfinylhydrazine dimer

D3 p-Me N-phenyl-N’-sulfinylhydrazine syn monomer
D4 p-Me N-phenyl-N’-sulfinylhydrazine dimer

D5 m3-Me N-phenyl-N’-sulfinylhydrazine syn monomer
D6 m5-Me N-phenyl-N’-sulfinylhydrazine syn monomer
D7 m3-Me N-phenyl-N’-sulfinylhydrazine homo-dimer
D8 m5-Me N-phenyl-N’-sulfinylhydrazine homo-dimer

D9 m3- and m5-Me N-phenyl-N’-sulfinylhydrazine hetero-dimer
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Fig. D1 syn Monomer PhNHNSO.

Electronic energy (Hartree): -815.153185
Free energy (Hartree): -815.071579

Table D1 Calculated isotropic shielding ¢ and derived chemical shift 6 (ppm) for N-

phenyl-N’-sulfinylhydrazine syn monomer (for TMS o, (H) 31.5056).

Ar-H N-H

atom# c 0 atom# c 0

14 24.4789  7.03 16 21.2081 10.30

13 23.9034  7.60

12 24.1644  7.34

11 23.8204  7.69

15 23.6743  7.83
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Fig. D2 Dimer PANHNSO.

Electronic energy (Hartree): -1630.322259
Free energy (Hartree): -1630.140767

Table D2 Calculated isotropic shielding ¢ and derived chemical shift & (ppm) for N-

phenyl-N’-sulfinylhydrazine dimer (for TMS ois(H) 31.5056).

Ar-H Ar-H N-H
atom# o ) atom# c ) atom# c o
14 234833  8.02 31 23.4835 8.02 16 19.1650 12.34
13 23.8619 7.64 30 23.8619 7.64 32 19.1653 12.34

12 24.1227  7.38 29 24.1227 7.38

11 23.7940  7.71 27 23.7940  7.71

15 23.6712  7.83 28 23.6711 7.83
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Fig. D3 syn Monomer p-Me PhNHNSO.

Electronic energy (Hartree): -854.474774
Free energy (Hartree): -854.370138

Table D3 Calculated isotropic shielding ¢ and derived chemical shift & (ppm) for p-Me

N-phenyl-N’-sulfinylhydrazine syn monomer (for TMS ciso(H) 31.5056).

Ar-H N-H

atom# c o atom# o 0

14 245767 693 16 21.2420 10.26

13 24.1045 740

12 24.0069  7.50

15 23.7766  7.73
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Fig. D4 Dimer p-Me PhNHNSO.

Electronic energy (Hartree): -1708.965469
Free energy (Hartree): -1708.735844

Table D4 Calculated isotropic shielding ¢ and derived chemical shift & (ppm) for p-Me

N-phenyl-N’-sulfinylhydrazine dimer (for TMS o5, (H) 31.5056).

Ar-H Ar-H N-H
atom# o d atom# o d atom# c o
28 23.5619 794 27 23.5686  7.94 31 19.2045  12.30
26 24.0665  7.44 25 24.0701  7.44 32 19.2137  12.29
24 24.0039  7.50 23 24.0001  7.51
30 23.7571  7.75 29 23.7536  7.75
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Fig. D5 syn Monomer m3-Me PhNHNSO.
Electronic energy (Hartree): -854.475211
Free energy (Hartree): -854.370861
Table DS Calculated isotropic shielding ¢ and derived chemical shift  (ppm) for m3-Me

N-phenyl-N’-sulfinylhydrazine syn monomer (for TMS cjs, (H) 31.5056).

Ar-H N-H

atom# c 0 atom# c 0

14 24.6866  6.82 16 21.2519 10.25

13 242894  7.22

12 23.9268  7.58

15 23.8975  7.61
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Fig. D6 Homo-dimer m3-Me PhNHNSO.

Electronic energy (Hartree): -1708.965999
Free energy (Hartree): -1708.736341

Table D6 Calculated isotropic shielding ¢ and derived chemical shift & (ppm) for m3-Me

N-phenyl-N’-sulfinylhydrazine homo-dimer (for TMS cis,(H) 31.5056).

Ar-H Ar-H N-H
atom# o ) atom# c ) atom# c o
28 23.6477  7.86 27 23.6362  7.87 32 19.2262  12.28
26 24.2648 7.24 25 242687  7.24 31 19.2354  12.27

24 23.9285  7.58 23 23.9333  7.57

30 23.8633  7.64 29 23.8572  7.65
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Fig. D7 syn Monomer m5-Me PhNHNSO.
Electronic energy (Hartree): -854.475273
Free energy (Hartree): -854.370019
Table D7 Calculated isotropic shielding ¢ and derived chemical shift  (ppm) for m5-Me

N-phenyl-N’-sulfinylhydrazine syn monomer (for TMS cjs, (H) 31.5056).

Ar-H N-H

atom# c 0 atom# c 0

14 246713  6.83 16 21.2417 10.26

13 24.0350  7.47

12 243111 7.19

15 23.8391  7.67
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Fig. D8 Homo-dimer m5-Me PhNHNSO.

Electronic energy (Hartree): -1708.966007
Free energy (Hartree): -1708.737018

Table D8 Calculated isotropic shielding o and derived chemical shift 6 (ppm) for m5-Me

N-phenyl-N’-sulfinylhydrazine homo-dimer (for TMS cis,(H) 31.5056).

Ar-H Ar-H N-H

atom# c ) atom# c o atom# c 0

27 23.6762  7.83 28 23.6710  7.83 31 19.2134  12.29

25 239793  7.53 26 23.9798  7.53 32 19.2113  12.29

23 242466  7.26 24 24.2479  7.26

29 23.8271  7.68 30 23.8273  7.68
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Fig. D9 Hetero-dimer m3- and m5-Me PhNHNSO.

Electronic energy (Hartree): -1708.966037
Free energy (Hartree): -1708.736725

Table D9 Calculated isotropic shielding ¢ and derived chemical shift & (ppm) for m3-

and m5-Me N-phenyl-N’-sulfinylhydrazine hetero-dimer (for TMS cis(H) 31.5056).

Ar-H Ar-H N-H

atom# c 0 atom# c 0 atom# o )

14 23.6751  7.83 33 23.6456  7.86 16 19.1722  12.33

13 239591  7.55 32 242780  7.23 35 19.2544  12.25

12 242554 7.25 31 239191  7.59

15 23.8411  7.66 34 23.8827  7.62
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