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ABSTRACT

Carbon-13 pulse Fourier transform nuclear magnetic res-
onance has been used to study electron donor-acceptor complex
formation.

Carbon-13 chemical shifts were used to determine the
equilibrium constants of two hydrocarbon complexes of p-ben-
zoquinone. The shifts of the protonated carbons of p-benzo-
quinone were measured as a function of the hydrocarbon con-
centration in carbon tetrachloride at 34.506. The data was
treated by a method of successive’approximations to give

1 for

equilibrium constants of 0.62 and 0.49 (kg solvent)mol™
complex formation of p-benzoquinone with hexamethylbenzene
and pentamethylbenzene respectively.

| The major portion of this study was based on complex
formation between 2-methylindole and 1,3,5-trinitrobenzene.
Two carbon-13 enriched compounds, 2-methylindole-(methyl,3)-
1302 and 2—methylind01e—2—l3c, were prepared by the Fischer
indole synthesis in order to improve the signal-to-noise and
permit experiments at lower concentrations.

The equilibrium constant for complex formation between
2-methylindole and trinitrobenzene (TNB) in 1,2-dichloroeth-
ane at 35.0 C was determined by monitoring the methyl shift
of 2-—methylindole-—(methyl,3)—-13C2 and the C-2 shift of 2-
methylindole—2—13C as a function of the TNB concentration.

Equilibrium constants of 0.95 and 1.61 (kg solvent)mol—l were

obtained from the methyl and C-2 shifts respectively.

iii




Carbon-13 spin-lattice relaxation times (Tl's) are re-

ported for C-3 of 2—methylindole-(methy1,3)—1302 as a func-
tion of the concentration of TNB in 1,2-dichloroethane at
35.0°C. The observed decreases in Tl with increasing con-
centrations of TNB are interpreted in terms of the formation
of increasing amounts of complex and increases in viscosity.
An equation is derived which makes it possible to obtain
estimates of .the equilibrium constants for complex formation
and the spin—latticé relaﬁation time of the complex from the
observed Tl‘s and viscosity measurements. ‘From'the data ob-
" tained, values of 6.7 and 14.7 psec were calculated for the
effective correlation times of free 2-methylindole and its
TNB complex respectively, at 35°C and 0.686 centipoise. The
Tl in the pure complex obtained by this method was 3.0 sec.
The molecular dynamics of complex formation between 2-
methylindole and TNB have been determined by fitting the the-~ .
oretical dependence of Tl on the fraction complexed, to the
experimental dataccorrected for the effects of viscosity.
The results indicate that the rate of chemical exchange rel-
ative to the rate of reorientation of the complex, k4/k2,
for this system is ca. 10~ L. The T, for C-3 of 2-methylin-
dole in the complex was found to be 2.4 sec, corresponding
to an effective correlation time of 18.4 psec, by this method.
Hydrodynamical models of molecular reorientation aré

considered for the rotation of 2-methylindole and its TNB

complex in solution.
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I. INTRODUCTION

There has been an increase in research activity in the
area of molecular complexes of the electron donor-acceptor,
sometimes called charge-transfer, type (1) in the last two
decades. This can be attributed partly to the fact that
such m&lecular associations are likely of importance in bio-
logical éystems (2, 3), but also to the advancement of phyé—
ical techniques such as differential refractometry,_gas—liq—
uid chromatography, osmometry, calorimetry, fluorescence and
nuclear magnetic resonance (nmr) spectroscopy (4).

Although the geometries of many complexes have been de-
termined in the solid state by X-ray crystallography, the ear-
liest methods of analysis of complexes in solution were by
ultraviolet-visible spectroscopy. More recently nmr, broton
(lH) and to some extent fluorine (193), has become a well doc-
umented technique for the analysis of electron donor-acceptor
(EDA)'systems (5). In these expeg}mepts changes in Chemical
shifts of nuclei in the minor component are monitored as a
function of the concentration of the major component. The
results allow calculation of the equilibrium constants and
provide potential information on the composition and thermof
dynamics of the system (1).

When this study was initiated there were, to the best of
this author's knowledge, no publications on the use of carbon-
13 nmr in the study of EDA systems, due to the low natural
abundance and small magnetic moment of the l3C nucleus (6).

This difficulty was overcome to a large extent with the de-

,//"
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velopment of 13C Fourier transform (FT) nmr. It was felt

that the advantages offered by l3C nmr over lH nmr, namely
the greater dispersion of peaks and more readily interpret-
able spin-lattice relaxation time (Tl) data, may be utilized
in this type of study. These advantages, together with the
fairly recent increase in the availability of 13C enriched
compounds made the idea of studying EDA systems by 13C nmr
quite attractive.

The usefulhesé of both chemical shifts and spin-lattice
relaxation times in the determination of equilibrium con-
stants, with particular emphasis on the EDA interaction of
2-methylindole with 1;3,5—trinitrobenzene; was investigated
in this thesis. Furthermore, the investigation was to deter-
mine whether the Tl data could provide information about the
lifetimes and reorientation rates of both the free énd com-
plexed forms of the minor component. A study of the viscos-
ity dependence of Tl was to aid in determining the reorient-
ational behavfouerf 2-methylindole, the minor component in
a large part of this work, in solution.

In studies of this type changes must be monitored in thé
minor component. This presented little difficulty for most
of the chemical shift work. However, to gain sufficient sig-
nal-to-noise, particularly for the Tl study and for the chem-
ical shift work with carbon-2 of 2-methylindole, it was nec-

essary to synthesize several carbon-13 enriched compounds.




ITI. THEORETICAL DISCUSSION

A. THE FISCHER INDOLE SYNTHESIS

1. INTRODUCTION

Treatment of arylhydrazones of certain aldehydes
and ketones with an appropriate catalyst, usually =zinc chlo-
ride, results in the elimination of ammonia and formation of

the indole nucleus

in a reaction known as the Fischer indole synthesis (7). The
arylhydrazones, readily prepared by treating the aldehyde or
ketone with an arylhydrazine, can usually be subjected to
indolization without prior isolation and purification.

This reaction was discovered in 1883 when Fischer and
Jourdan treated pyruvic acid l-methylphenylhydrazone with al-
coholic hydrogen chloride (8). A year later the product of
this reaction was identified as l-methylindole-2-carboxylic

acid by Fischer and Hess (9).

CH,
\? cn |
_ 3
nN=c]
COOH \\— coon
Y

CH3




The Fischer synthesis does, however, have certain limita-

tions. For example, m-substituted phenylhydrazones will give
a mixture of indoles since ring closure can take place in two
ways. Nevertheless, the discovery of this reaction has pro-
vided a most versatile method for the preparation of indoles,
one which has been utilized in the synthesis of many of the

mono- and dimethylindoles.

2. SYNTHESIS OF 2-METHYLINDOLE

There have been a number of publications reporting
the synfhesis of 2-methylindole from acetone phenylhydrazone
using slight variations in procedure.

Marion and Oldfield (10) report a yield of 2-methylin-
dole of 53% by heating a mixture of equal weights of freshly
fused zinc chloride and the phenylhydrazone of acetonel
Chapman, Clarke and Hughes (11) obtained yields of 85% on
boiling equal weights of anhydrous ziﬁc chloride and acetone
"phenylhydrazone iq dry cumene for 1 hour under nitrogen.
Kissman, Farnsworth and Witkop (12) heat a mixture of phenyl-
hydrazine, acetone and polyphosphoric acid to 203°C. Purifi-
cation of the product resulted in an overall yield of 60%.
The group of Shukri, Alazawe and Al-Tai (13) report the use
of glacial aceticvacid and boron trifluoride as cyclizing
agents in the synthesis of several 2-substituted indole de-

rivatives with yields ranging from 40-82%.




3. THE ACCEPTED MECHANISM

The éurrently accepted mechanism for the Fischer
indole synthesis, first proposed by Robinson and Robinson
(14), consists of.three basic steps.

First, the catalyst is beiieved to catalyze the conver-
sion of the arylhydrazone to its enehydrazine tautomer. A
sigmatropic rearrangement (15) then takes place in which the
enehydrazine undergoes an intramolecuiar electrophilic sub-
‘stitution resulting in the formation of a new carbon-carbon
bond. Finally, ring closure is éffected as nitrogen is elim-
inated as ammonia.

The steps in the mechanism are illustrated (below) for
the synthesis of 2-methylindole from acetone phenylhydrazone.

(a) Hydrazone-enehydrazine equilibrium

l H YCH;
—_—
A == A
N~ N~
H H
acetone enehydrazine
phenylhydrazone
(b) Sigmatropic rearrangement
. H
}QC§T§H3 gt CHj3 CH3
o —— N+ — s
¥\ NH ~ NH NH
N~ NN 2 N 2
H

N




(¢c) Loss of nitrogen and ring closure

CH N |
] 3 CH, -NH'Z N\
(Gn HY ’ + T CH3
N ﬁ NH > N
H2 2

H
i 2-methylindole
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B. ELECTRON DONOR-ACCEPTOR COMPLEXES (20)

1. GENERAL

Molecules experience a range of interactions from

‘weak physical forces, such as the van der Waals attractions

which are experienced by all molecules, to the strong ''chem-
ical" forces which result in the formation of new covalent
or ionic bonds and the production of a new compound.

Eleétron donor-acceptor (EDA) complexes, also known as
charge-transfer -complexes, result from an intermediate degree
of interaction between an electron donor and an electron ac-
ceptor molecule or ion. However, due tp the continuum of in-
teractions between molecules there are no sharp boundaries

which define a particular interaction to be ‘of the EDA type.

2. ELECTRON DONORS AND ACCEPTORS

An organic electron donor (D) may donate electron
density either through unshared pairs of electrons in non-
bonding orbitals, in which case it is known as a n—dono%,

or through the delocalized m-cloud of an olefin or an aro-

matic ring. Aliphatic amines, alpohols aﬁd ethers act as n-

donors; whereas the stronger m-donors, as the latter group
is known, include aromatic amines, aromatic hydrocarbons and
éertain heterocyclic systems. Since electron density is do-
nated from these molecules during the formation of an EDA
complex, molecules with a low ionization potential (IP)

—-ie. the ease with which an electron can be removed from D-

are more effective donors. Adding electron releasing groups




to the donor lowers its IP and results in the formation of

more stable complexes.

The most common organic acceptors, the m-acceptors,
are uSually aromatic compounds or olefins containing strong
electron-withdrawing substituents such aé.NOZ, CN, or the
halogens, as well as quinones and acid anhydrides.,'The elec-
tron withdrawal by the substituents makes the molecule a
better electron acceptor. This increased electrophilic nature
will lead to the formatioﬁ of more étable complexes on intei—
action of these molecules with electron donors.

Several common organic electron donors and electron
acceptors are given in Table 1. Although the compounds shown
are listed as donors or acceptors per se, it should be noted
that this is a generalization, since some molecules are known
to behave as both donor and acceptor in different situa-

tions (5).

3. CHARACTERISTICS OF EDA SYSTEMS

Despite the léck of sharp boundaries defining in-
teractions as being of the EDA type, a nqmber of observations
have been made which are fairly characteristic of EDA com-
rlexes (1, 5, 16). |

Though many complexes exist only in solution in equilib-
rium with their components, a number have been isolated as
stable crystalline adducts (19).

The enthalpies of formation of these complexes are usu-

ally of the order of 4 kcal/mole or less, indicative of the




TABLE 1. Common organic electron donors and electron

acceptors.
ACCEPTORS DONORS
[ ‘ NH2‘
ON A NO [j:r°”3
AORC I
NO, CH}

2,4,7—Trinitrof1uorenone

Fluoranil

NON /¢ /€N
NG =/

Lo 7,7,8,8—Tétracyanoquino—
}ijjﬂl dimethane (TCNQ)
NO

2 .

Lo 1,3,5-Trinitrobenzene
| R .(TNB)

Hexamethylbenzene

Phenanthrene
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weak interactions involved.

X~-ray diffraction studies on solid EDA complexes of the
ﬂ;ﬂ type have shown that the dpnor and acceptor are arranged
'in parallel planes with a separation of.3—3.53. This rela-
tively large separation ruled out the possibility that these
complexes were held together by normal covalent bonds.

It is also known that large substituents on aromatic
rings greatly reduce the stability of the EDA complex (32),
presumably for steric reasons. For example, hexaethylbeﬁzene
forms a much weaker complex with 1,3,5-trinitrobenzene than
does hexamethylbenzene (1).

Complexes are usually formed with simple, frequently
1:1, ratios of donor and acceptor.

EDA complexes have dipole mbmentS‘even if the component
molecules do not. Polarized UV spectroscopy has shown that
the plane of greatest polarizability in the complexes is
perpendicular to the planes of'theAmolecules.

Finally, EDA complexes frequently show an absorption
band in their electronic spectrum which is not present in the
spectrum of either component. ‘Since this absorption is in
the visible or near-UV region many complexes are intensely
colored. The description of these interactions as '"charge-
transfer complexes'" originated out of the fact that this
"extra' absorption band could be accounted for by assuming
transfer of charge from the donor to the acceptor. This de-
scription has certain difficulties since it is now known that

charge-transfer forces normally do not contribute to a_large
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degree to the stabilization of the ground state of the com-
plex as implied by this term. Therefore, '"electron donor-
acceptor complex'" is a more accurate description of this type

of interaction.

4. DESCRIPTION OF THE EDA INTERACTION

The properties of the adducts produced by the ap-
parently instantaneous reaction of two compounds were docu-
mented as early as 1927 by P. Pfeiffer.

| Early attempts to describe the bonding in these com-
plexes included theories of covalent bonding between the two
moiecules (J. J. Sudborough-1901), electrostatic attractions
between dipoles and induced dipoles within ‘the comﬁonents
(G. Briegleb-1932), and the formation of an ionic compiex
(J. J. Weiss-1941). Each of these theories had trouble ac-
counting foi available experimental data. The idea of co-
valent bonding was dispelled after'crystallographic'studies

showed a separation of components much ‘larger than reasonable

for covalent bonding. The "ionic" complex model was not

consistent with the small enthalpies of formation which had
been measured and Briegleb's theory could not account for
the intense coloration of these complexes.

The idea of "complex resonance', using one nonbonded
and one covalently bonded contributing structure, was used
by Brackmann (1949) to describe the complex. However, he

failed to suggest that the bonded structure was the result
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of an electron transfer between the component molecules. At
this time Benesi and Hildebrand observed an absorption band
for the complex between an aromatic hydrocarbon and iodine
which was not present in the spectra of either of the indi-
vidual components. In 1950 Mulliken suggested that this ab-
sorption could be explained by an intermolecular charge-

- transfer between the components, which led to his '"valence-

bond" description .of such complexes (17).

(b) Mulliken's Valence-Bond Treatment (1, 5, 17)

For a relatively weak interaction between an electron
donor (D) and an electron'écceptor (4), Mulliken (17) has
approximated the ground state of the complex with a quan-

tum mechanical wave function of the form

[1] ¥, (AD) = ap (A,D) + by, (A=D")

This wave function describes the complex as a reso-

nance hybrid of two contributing structures (18).

A+++D <—» ATD"

The function wo(A,D), known as thg“"no—bond" structure, cor-
responds to a structure in which only Coulombic forces such
as dipole-dipole, dipole-induced-dipole, hydrogen-bonding
and van der Waals attractions bind the donor to the acceptor.
The other contributing structure, represented by the wave
function wl(A:—D+), symbolizes the '"charge-transfer" struc-
ture in which one electron has been completely transferred

from the donor to the acceptor without a change in the spin
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multiplicity of the system. Since crystallographic data (19)

on weak m-m complexes indicates that the components are sep-
arated by 373.5A, this second, covalently bonded structure
makes only a minor contribution to the binding energy of the
ground state of the complex, ie, a>>b in the ground-state
wave function wN. Since this "charge-transfer" structure
makes only a small contribution to the ground state, it must
mean that only a small amount of charge (a fraction of an
electron) is transferred (18).

For weak EDA interactions, the energy of the complex

in its ground state, WN, can qualitatively be represented as

[2] | W =W -X

where Wo represénts the energy of the state

wo, ie. the energy of all the Coulombic in-

teractions together with the energy of the

infinitely separated componenté,_A‘and D;

and-Xo represents a resonanze stabilization

due'td the small contribution‘of the '"charge-

transfef" structure to the ground state of

the complex.

Continuing with Mulliken's treatment, a wave function '
describing an excited state of the complex can be approxi-

mated as
- + :
[3] Y (AD) = a*p (A=D") - b*y (A,D)

where a*ma and b*wxb.
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The energy of the excited state can be represented by

[4] W, = Wl + Xl

where Wl takes into account the energy of the

separated components A and D, the energy re-
quired to remove an electron from D (the
ionization potential of D, (IP)D), the en-

ergy released as A accepts the electron (the

electron affinity of A, (EA)A),and the Cou-

lombic forces of attraction as the ions are

brought to their equilibrium distance of
separation; and Xl reﬁresents the resonance
energy_due to a small contribution from the
"no-bond" structure in the excited state.
Since the excited state wE is not quite

purely "chagge—transferred" the energy of

this state is somewhat greater than W,.
For the weakointeractions considered here perturbation theory

can be used to get a reasonable approximation of the energy

terms WN and WE, since one resonance structure predominates
and the other(s) can be treated as a small perturbation to
the system. The qualitative energy diagram (Figure 1) shows

how WE and WN vary with the distance between the molecules

(or ions). The effect of resonance on the states wo and wl
has been illustrated as well. Note in particular that res-
onance (or overlap) becomes more important as the intermo-

lecular distance decreases.
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FIGURE 1. Energy diagram for a weak electron

donor-acceptor interaction showing

the dependence of thé energies of
the ground and excited states, WN
and WE, with the intermolecular
distance A-D, and a possible elec-
tronic transition. (After R. S.

Mulliken (17).)
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The electronic absorption characteristic of the complex
involves the transition of an electron from the ground fo the
excited state of the complex, wN—+wE. For weak interactions .
this involves the transfer of an outer electron from a mo-
lecular orbital (MO) of the donor into an unoccupied MO in
the acceptor (ie. essentially a transition w0—+wl). Since
many complexes utilize m-MO's this intermolecular bond is not
necessarily localized between two atoms. The MO's (or AO's)
involved in this transfer must be of the same group-theory
species (ie. there must be proper symmetry) for there to be
any resonance or overlap. However,the overlap is not_strong
since a>>b for these complexes. Althoﬁgh this extra absorp-
tion(s) is observed in a number of EDA complexes, it may be
difficult to identify since it may be hidden by the peaks of
the component molecules.

It should be emphasized that the above discussion is

applicable only to fairly weak EDA interactions between

neutral molecules of the type discussed in this thesis.

(c) Simple Molecular Orbital Treatment

A molecular orbital treatment of weak EDA inter-
actions (21) generally involves calculation of the energiesl
of the highest occupied molecular orbital (HOMO) of the do-
nor and the lowest unoccupied molecular orbital (LUMO) of
the acceptor by a Huckel treatment. Transfer of charge from
the HOMO of D to the LUMO of A accounts for the new bands in
the electrbnic spectrum. The reader is referred to the dis-
cussion by Dewar and Lepley for the details of the MO treat-

ment for weak EDA interactions.
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C. USE OF CHEMICAL SHIFTS IN STUDYING COMPLEX FORMATION

1. - GENERAL
For nuclei with a spin quantum number I=%, (for

example lH, 13C, 19F and %%P), the4interaction of the mag-
netic moment of the nucleus with the external magnetic field
Ho splits the system into two energy levelsvor spin states,
the degree of interaction being directly proportional to the
strength of the applied field. ‘The resonance condition or
the external magnetic field at which a nucleus absorbs energ&

from a radiofrequency field superimposed on the sample is

given by

51 v = (v/2m) H,

where Ho the applied magnetic field strength,
v = the frequency of the ‘applied
electromagnetic radiation,
Y = the magnetogyric ratio of the
nucleus.

Since nuclear isotopes have widely varying magnetogyric
ratios, different frequencies and magnet strengths are re-
quired to study different nuclei. Table 2 summarizes the ab-
sorptioﬂ characteristics of éeveral important magnetic nuclei.

For a detailed quantum mcchanical treatment of nuclear

magnetic resonance, the reader is referred to several books.

(6, 22-24).




TABLE 2. Magnetic properties of several nuclei

frequently used in nmr (5, 24).
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1soropg  NATURAL  SPIN RELATIVE NMR FREQUENCY
ABUNDANCE =~ (I) SENSITIVITY  MHZ at 14.092G

ln 99.985% 3 1.000 60.000 .
2y 0.015 1 0.0097 9.210

13 1.108 3 0.0159 15.087

14y 99.63 1 0.001 4.334

19% 100.0 3 0.833 56.446

31p 100.0 3 0.066 24.288
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2. ORIGIN OF CHEMICAL SHIFTS

Since electrons shield nuclei from Ho, different
nuclei 'see" and therefore resonaté at different fields, Hi

where

1

[6] H, = Ho(l—oi)

and ¢ is the screening constant, a tensor
quantity representing the shielding of the

nucleus.

The small magnetic fields (GHO) produced'by the field—
induced circulation of electrons may originate within the
molecule being obseived as well as from the molecules of the
medium immediately surrounding it. The shielding term may

therefore be written (25) as

[7] o =0

. + O,
intra inter’

The intermolecular (usually small) effects contributing
to shielding will be discussed in the next section. The

various factors which have been postulated (6,24) to con-

tribute to cin can be summarized as féllows:

tra

. = + 0 +o0_+ + 0
[8] 01ntra Gd p a or e

The field-induced spherical circulation of electron

density about the nucleus creates an induced field which op-
poses Ho at the nucleus. This isotropic shielding term,
known as the diamagnetic contribution (od), is particularly

important in lH nmr.
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However, due to the absence of spherical symmetry in
most molecules, an anisotropic paramagnetic term (op) is
added. This deshielding term, which arises due to the mix-
ing of low-lying excited states with the ground state of the
molecule by Ho’ reflects the nonspherical circulation of
electron density caused by the presence of other nuclei in
the mblecuie. The paramagnetic contribution, so called be-

cause it opposes © is especially important where p orbitals

a’
are involved, as in 19% and 3¢ nmr.

Neighbor anisotropic contributiohs (oa) are effects
‘feltvby the nucleus being observed due to the interaction of
neighbor atoms with Ho'

Ring currents of delocalized electrons (cr) also make
a contribution to shielding.

Finally an electric field effect (ce) due to a polar
group in the molecule affects the electron density at the
nucleus being observed.

Although chemical ehifts are not well understood, for

the moment it appears that the intramolecular effects cited

are the major contributors to the shielding of nuclei.

3. NMR IN THE LIQUID PHASE (1, 5, 24)

(a) Medium Effects

The observed chemical shifts (6) will depend to some
extent on the medium in which the measurements are made.
These intermolecular shielding effects (Ginter) may be due to
the interaction of the nucleus in question with surrounding

\solvent molecules or with other solute molecules in the medium.
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Solvent effects which contribute to shielding include
(1,24) the bulk magnetic susceptibility of the solvent (OB),
the solvent anisotropy (OA), van der Waals interactions be-
tween the solute and the solvent (OW) and a polar effect (oE)
iq which a dipole moment in the solute induces an electric
field in the solvent.

Finally, specific complex formation also makes a con-
tribution (cc) to the shielding of the nuclei in the molecule
under observation.

The intermolecular interactions which contribute to

shielding may therefore be summarized as

(9] o =g + 0. +0_+0_ + 0

In this study we are particularly interested in the last

term, the éffééf of cbmplex formation on the observed shift.

(b) NMR and Chemical Exchange Rates

For nuclei which are involved in exchange between two

chemical environments,
[10] A+ D =—5 AD

the observed anmr spectrum will depend on the kinetics of the

exchange (5).

If the rate of exchange between two species is slow rel-

ative to the rate.of exchange between the magnetic states of
the nucleus under observation, the nonequivalence of that nu-
cleus can be detected; resulting in the appearance of two

sharp resonances in the spectrum. As the relative chemical
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exchange rate increases the lines broaden and then coalesce

as shown in Figure 2. When the relative exchange is fast only

a time-averaged field is felt by the nucleus resulting in a
single sharp resonance. The chemical shift of this resonance
will be a population weighted average of the chemical shifts
of the nucleus being measured (say A) in its two environ-
ments, as given by [14]. Factors such as temperature and
concentration which affect the position of equilibrium
(hence the'relative populations in the two states) will in-
fluence the observed chemical shift.

Any interaction between two molecules should affect
the chemical shift of a particular nucleus (6). The weak
interactions between electron donors and electron acceptors
generally fall into the category of fast exchange reac-—
tions (1). However, as the strength of binding between the
interacting species increases the line shape could con- |

ceivably be affected (5).

4. DETERMINATION OF ASSOCIATION CONSTANTS IN
DILUTE SOLUTION (1, 5)

(a) Hanna-Ashbaugh-Foster-Fyfe Method

For the interaction of an electron donor and an electron
acéeptor under the conditions of microscopicé reversibility

(ie. fast exchange) to form a i:l complex,
[10] A+ D m——>AD

a thermodynamic equilibrium constant can be written as




fi
|
|

p:\ AD
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EXCHANGE

N
N
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FIGURE 2. The effect of chemical exchange
rates on nmr line-shapes, shown here for
exchange between environments with equal

populations.
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[AD] v,

[D] [A] YpY,

[11] K =

where [A],.[D], and [AD] represent the equilibrium concen-
trations of the three species involved. A number of concen-
tration scales (molar, molal, molé fraction, etc.)'are uéed
in the literature (1, 5) affecting the magnitude and units
Qf reported equilibrium constants.

Since the measurements are normally made on dilute so-
1utions the activity’coefficient term YAD/YDYA is assumed
to be 1. The thermodynamic equilibrium constant is then
approximated by fhe equilibrium quotient. In terms of the

initial concentrations of acceptor and donor, [A]

0 and [D]O,

the equilibrium constant expression is written as

\
[AD] '

[12] K=
| (DI ,- [AD] )( [A] )~ [AD])

For systéms where K is small this expreséion can be sim-

| plified by keeping one componeﬁt in large excess, so that

its concentration is virtually unchanged by complex formation.
Experimentally the donor is usually in large excess dué

to the low solubility_df organic accéptors. 'Therefore,

where [D]0>>jA10

[AD]

[13] - K =
[D1 ,( [A] ,~[AD])
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An analogous equation and subsequent treatment apply to
situations where [A]0>>[D]0.

Recall that under the conditions of fast exchange the
observed chemical shift of the nucleus A is a population

weighted average of the shifts of this nucleus in the two

environments, ie.

[14] § = GAPA + 6ADPAD
where SA = the chemical shift for pure A,
6AD = the chemical shift of the same

nucleus in A for the pure com-
plex,
8 = the observed chemical shift for

this nucleus in the equilibrium

mixture,

PA = the mole fraction of A uncom-
plexed,

PAD = the mole fraction of A complexed.

Since (PA + PAD) = 1, [14] becomes

[15] § = _PAD(‘SAD“SA) +5, .

If, as illustrated in Figure 3, we let

A = (GA—G ) ie. the chemical shift

,

difference between A and AD;

AD

>
Il

(SA—G) ie. the chemical shift
difference between A and the

observed shift,
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FIGURE 3. Nmr spectra showing the relation-

ship between 6, GA, GAD, A and Ao. (a) The

spectrum of A in the absence of D.  (b) The

spectrum of the equilibrium mixture. (c¢) The

spectrum of the pure complex in solution (not

measureable).
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then the mole fraction (here of A) complexed can be written
§,-0
[16] P = _(©a-°) _ A _ 1aD]
(GA‘GAD) by [Alp

Making appropriate substitutions for [AD]/[A]O;in [13]
one obtains the nmr analoguevof the Benesi-Hildebrand equa-
tion (26) which is used in the optical absorption mea-

surements of charge-transfer complexes,

171 - SR L, 1
A KAg[Dl, - Ag

A plotlof 1/A vs. 1/[D]0 gives a slope of —1/KA0 and y-
intercept of 1/A0.

The method, originally used in a study .of hydrogen-
bonded interactions (27, 28), was first applied tola recog-
nized donor-acceptor system by Hanna and Ashbaugh (29).

A disadvantage of this method is that an extrapolation

27

as

to high concentration is hecesSary'to determine the intercept

with the ordinaté (Ao) befbre the equilibrium constant can -

be evaluated from the slope. This will be particularly

crucial for systems where K is small.

Rearrangement of [17] to:the well-known Hanna-Ashbaugh-

Foster-Fyfe (HAFF) equation

[18] 8/ID], = -KA:+ KA

allows K to be determined directly from the slope of a plot

of A/[D]o against A for a series of solutions where [D]0>>

[AL,.
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The disadvantage of both of these methods is that one

component must be in large excess.

(b) Methods Not Requiring a Large Excess

of One Component

Substitution of [AD]=(A/A,)[Al, into [12] yields

A

[19] K = - ;
(3-8 {ID1, - (8/8,) L4}

which can be rearranged to

>

1 .
[20] X = 5001 o= [A] o~ [D] o+ 2-[A]

This equation is the nmr analogue of the Rose-Drago equation
used in optical experiments (24). All quantities are known
except K and A, which are obtained by solving a set of simul-
taneous equations, either graphically as discussed by Wachter

.and Fried (36) or by computer methods.

Association constants may also be determined from [15]
by varying K until the P,, values calculated from it vary

linearly with & (37).

(¢c) Application to EDA Equilibria

The equilibrium constants which have been reported for

EDA interactions have been evaluated largely by application

of the HAFF equation [18]. Foster and Fyfe applied this
method in determining K and A, for several benzogquinone-
alkylbenzene complexes by lH nmr. lH'nmr chemical shift

studies on various indoles complexed to 1,3,5-trinitro-
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benzene have been reborted (31, 32, 38). The results have
indicated (31) that complex formation (with TNB) is someWhat'
localized over the C(2)-C(3) region of the indole. K and A,
values for different protons of the indole‘have allowed for
speculation about the relative orientation of TNB and thé in-
dole in the compiex (32). |
19g nmr, which has several advantqgés éver IH nmr in such
a study, has beeh used to study certain fluoranil complexes
(33). 1In general, 19F chemical shifﬂ changes will be larger
résulting in more accurate K valués; Furthermore, the probiem
6f overlap from‘solvent or other resohénces in the acceptor
or donor will be less than in lH work. |
When this particular research was initiated (1974) there’
were, to the best of this author’s knowledge, no reports in
‘the literature on the use of 130 nmrvin the determination of
equilibrium consténts.,.Subsequently; K aﬁd A, have been ob-
tained from 13C chemical shifts for a hydrogen-bonded system
(34) as well as fdr recognized EDA complekes between several

aromatic -donors and trinitrobenzene (35) and o-chloranil (39)}

Proton nmr studies have shown that both donors and accep-

tors shift upfield on complex formation, but that donors shift

'upfield by a émaller amount (32). Although, as has been men-
tioned previously, the interpretation of chemicalkshifts is
difficult, several factors have been postulated to‘acéount for
present observations.;.These diamagnetic shifts are generally
attributed to the predominance of the ring currént effects

of one component on the nuclei of the other (32). If the
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effects of charge migration were predominaht in EDA complex
formation, then the donor protons should shift downfield and
the acceptor protons should shift upfield as the complexes
.become stronger. Since such observations are not made it

appears that lH nmr is not sensitive to the effects of charge

migration(sz).
With the greater sensitivity of 13C nmr to electronic
factors (40), the effects .of charge migration are expected

to be greater than in 1H nmr. Recent studies on TNB and

chloranil complexes with variouS'aromatic donors show that
the acceptor carbons expérience upfield shifts, again at-
tributed to the ring cufrent effect of the donors on the
carbon atoms of the acceptor. However, several donors con-
tain carbon étoms WhiChvhave<eXperienced"paramagnetic
'(downfield) shifts. These observations have been reported
_for C-2 of naphthalene and anthracene complexed td TNB (35)
and for C-2 of naphthalene, C-1 and C-2 of.anthracene and

the ring carbons of mesitylene all complexed toso-chloranil

(39). These downfield shifts are best ascribed to the pre-

* dominance of charge-transfer effects at these carbons in

the molecule.

Therefore, 13C nmr is in fact much more sensitive to the

effects of charge migration in EDA interactions than are pro-

Y

ton shifts.
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(d) Criticism of the Method

Although the methods discussed above have been widely
used to study EDA interactions, the number of assumptions
made will lead to uncertainties in the results obtained.

(i) Deviations from ideality of any of

the solute species over the.concentration

range used means that the term (YAD/YDYA)

is not unity. In this case the equilibrium
quotient is not a measure of the thermo-

dynamic equilibrium constant.

(ii) Presence .of éeveral isomeric 1:1 _ j

complexes means that K.exp= EKi where Ki

is the association constant of the ith’

1:1 complex.

(iii) Contact charge-transfer, transfer

of charge which supposedly takes place

during random collisions of D and A, may

i
i
i
i
{
i
i

affect the value of K. o

(iv) Presence of termolecular compleXes

such as AD2,vmay lead to small deviations
in K.
(v) Specific Solvation of one or more

of the solute species in the equilibrium

may affect the measured K.
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D. CARBON-13 SPIN LATTICE RELAXATION

1. INTRODUCTION

(a) General (41-44)

When a sample, which can be considered as an ensemble
of nuclear magnetic spins, is placed in an external magnetic
field ﬁo, a Boltzmann distribution of spins will result as
the sample comes to thermal equilibrium. This results in
a net magnetization MO in the field direction (the z-axis
in the rotating frame) since alignment with the field is
preferred over alignment against ﬁo. However, since the
. spins are precessing about the z-axis at random, there is
no net magnetization in the xy-plane, ie. ﬂxy=0 and ﬁ;=ﬁ0
(see Figure 4a).

In pulsed Fourier transform (PFT) nmr (41, 42) all
nuclei are excited simultaneously by a short burst of radio
frequency (rf) radiation. The rf excitation, applied along
the x-axis (43), deflects the net magnetization vector
ﬁb towards the y-axis by an amount determined by the dura-
tion of the pulse. The resulting nuclear transitions change
the relative populations in the two energy levels causing
a decrease in the net magnetization in the field direction,
ie. ﬁz decreases. However, all nuclei are forced to pre-
cess in phase giving rise to trans?erse magnetization,
ﬁxy (see Figure 4Db).

After this perturbation, relaxation processes tend to

restore the system to equilibrium again (43, 44). The expo-

nential decay of the transverse magnetization with time con-




(2) (b)

FIGURE 4. (a) The net magnetization of the

- sample at equilibrium in an external field'ﬁ;.

(b) The interaction of ﬁ; with a rf excita-
tion applied along the x-axis.
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stant T2 is known as spin-spin relaxation. (Since this decay

is affected by field inhomogeneity, the time constant T; is
used to represent the overall decay). This gives rise to the
free induction decay (FID) which, on Fourier transformation,

yields the spectrum in the frequency domain. This process can

be thought of as a dephasing of the magnetic vectors in the

xXy-plane, ie. nge-o.

Reestablishment of the Boltzmann distribution of spins

(ie. the recovery of the full longitudinal magnetization in

the field direction, ﬂ;= ﬁ;) takes place by spin-lattice re-
laxation according to a time constant Tl'

Both relaxation processes, which take place simulta-
neously but independently, can be described by first-order

kinetics according to the Bloch equations (43)

(21] dMz _ (Mz-Mo)
dt T,
N
[22] Wy _ _ Yy
dt T,

(b) Free Induction Decay and Fourier Transformation

The free induction decay (FID) for a single type of nu-
cleus in a perfectly homogeneous field, in which the excita- '}

tion pulse is applied right at the resonance frequency of the

nucleus, would be perfectly exponential (see Figure 5a) since

the magnetization vector'ﬁ;y is stationary relative to the

frame which is rotating at the radio frequency H ie. M

1’ xy
is in phase with'ﬁl.

If the rf field or pulse is applied slightly off the
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resonance frequency of the nucleus, then ﬁo will rotate rela-
tive to the rotating frame (or ﬁl) and a "beating" paftern
is produced as ng and'ﬁi alternately come in and out of
phase (42, 45). This ”beating"'pattern decays exponentially
as shown in Figure 5b. As the rf pulse is applied farther
from the resonance frequency of the nucleus, the rate of
"beating'" increases considerably (45) as shown in Figure 5c.

Since most compounds have a number of different nuclei,
each giving rise to a characteristic ''beating" pattern or
wave form, most FID's are very complicated superpositions of
wave forms (see Figure 5d) which are virtually impossible to
analyze (42), even though all the information on chemical
shifts, coupling constants, etc. is contained in this decay
pattern.

Fourier transformation, a mathematical technigue for
separating the wave formé, converts the spectrum from the
time domain into the frequency domain. The Fourier trans-

form of a function f(tf) can be represented by

[23] F(w) = [T2(t) e¥Fat
where w = the angular frequency
t = time
iwt

e cos(wt) + isin(wt)

In practice the Fourier transformation is usually evaluated
by the algqrithm developed by Cooley and Tukey, as described

in Becker and Farrar (45).




(a)

(b)

I.1 || i 1:’ 4 .‘:i;‘gi’,,» A e A (C)

(d)

FIGURE 5. Free induction decay patterns for
a single type of nucleus with the pulse ap-
plied (a) at the resonance frequency, (b)
slightly off resonance, and (c¢) further off
resonance, and for a molecule with a number

of nonequivalent nuclei (d).
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2. SPIN-LATTICE RELAXATION

(a) The Origin of Magnetic Relaxation

In order to reestablish equilibrium after rf excitation
some nuclei must lose energy and undergo a transition to the
lower energy state. This takes place through the interaction
of the nuclear spins with their environment or lattice, hence

the process is known as spin-lattice relaxation.

Spin-lattice relaxation depends on a time-dependent mag—A

netic field acting on the magnetic moments of the nuclei be-

“ing relaxed (46). The time dependence (or fiuctuation)-of

these 1o¢a1 fields (ﬁloc) must be of the proper frequency

- —that of the transition frequency of the nucleus (47)- in

ordér for energy to be transferred from the spin to the lat-
tice. |

In liquids the time depéndence which produces appropri-
ate fluctuations of ﬁlbc arises from the random Brownian
motion of the molecules as they ;umble (by rotation and dif-
fusion) fhfough the fluid.

Although 130 nuclei can bé relaxed by different mécha—
nisms they all depend on the intefactibn of the 13C spin with

Hloc produced by the particular mechanism. The measured
spin-lattice relaxation timé (Tl) will be an indication of
the time taken for the energy transfer from the spin to the
lattice and hence of the relative efficiency of the relax-

ation process.
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(b) The Dipole-Dipole Relaxation Mechanism (47)

The major source of relaxation of 13C nuclei in organic
molecules free of paramagnetic impurities is the internuclear
dipole-dipole (DD) interaction, usually with bonded protons.
The instantaneous local field produced at the 13C nucleus j
by a neighboring magnetic nucleus i is given (47) by
3 cos2eij -1

r?,
17

[24] Hloc % iui

The strength of the DD interaction depends on the magnetic
moment of the neighboring nucleus, ﬁi, and the internuclear
separation, ?}j' The rotational motion of the molecules im-
parts a time-dependence to ﬁloc by changing Gij’ the angle
of ?;j relative to the external field,-ﬁo.

Assuming Brownian motion (46), ie. small-step displace-
ments or short times between collisions, a time-dependent
correlation function G(t), which describes the persistence

of Eloc before being averaged to zero by molecular motion,

can be written
[25] 6(t) =(H,,,(0)- T, (D),

at a reference time t=0. (The reader is referred to (47)
and the references therein for full details).

If the decay of G(1) is described by an appropriate
exponential function, Fourier transformation converts it

into the frequency domain (46, 47) according to
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27T

c
1+ szg

[26] J(w) = <ﬁioc(o)>,o

J(w), the spectral density, represents the efficiency of re-
laxation at a particular frequency of fluctuation, w, and Tc;
the moleculér correlation time, represents molecular reorien-
tation. If the latter provides fluctuations close to the
13C resonance frequenéy;-@o, then the DD rela#ation will be
most efficient. Motions which are mﬁqh faster or slower will
not be as effective in relaxing the nuclei. This means that
Tl goes through a minimum as illustrated in Figure 6.
Increasing correlation times, corresponding to slower
motion, will decrease T2 (see Figure 6) aﬂd‘gonsequently
cause‘1ine—broading'since'T2 is relateq-to the line-width
at half-height (24), Av, ~'1/T

%
fluctuations of ﬁloc produced by the molecular motion ex-

Py If the frequency of the

ceeds W, T. increases and sharp lines are observed (43).

2
Molecules which are not too large (MW<300) tumble very fast

in nonviscous solutions and therefore fall into this region
of "motional ﬁarrowing".‘

Since spin-lattice relaxation involves nuclear spin
transitions, the.tranéition probabilities (which can be de-
rived quantum-mechanically by treéting ﬁloc by pertufbatidn
theory (46)) must be worked out to get an expression for Tl'

For dipolar relaxation by a bonded proton, the pertinent

transition probdbilities, Wi’ (see Figure 7) are (48, 50)
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1 42 .2 2 _
[27a] S W =55 h VoY I, (w-u,)
. _ 3 42 2.2
[27b] Wic = 20 h Ye¥g I1(00)
3 42 2 2 '
[27c] W, = 55 Yoy, J,(ute ).

Note that the transition-probabilifies are dependent on the
spectral density or the efficiency of relaxation at the par-
ticular fluctuation frequency, w, . |

Under conditions of complete proton decoupling the Tl
expression, which represents the time rate of change of'ﬁz,

can be written (49)

[28] —_—— = Wo + zwlc + W

Substitution of [27] into [28] gives

1. _ 1422 2 | _ o

If we assume that the reorientation of the molecule can be de-
scribed by a single effective molecular correlation time, T,

then (48)

[30] J(w) =
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FIGURE 7. Transition probabilities,
W., for the 13C—lH two-spin system.
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The carbon spin is given first, fol-
v lowed by the proton spin, eg. 0B..
| e (After (47)).
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Substitution into [29] gives

2..2.,2
[31] 1 _ 1 Bvev e, e e :
T, 10 ré I+ (wg-we)212 1+wgtZ 1+ (wytws)?T2 |
CH H™VC c c H %C c

In the region of motional narrowing (50) WTo<<1 (there-

fore szi<< 1) and the expression simplifies to

h2yEvi

= 3
1 Yen

1
[32] T

for the relaxation due to one bonded proton. For N bonded
protons this equation is simply multiplied by N.
Due to the r_6 dependence, relaxation due to dipolar

interactions with nonbonded protons is generally negligible.

(c) Other Relaxation Mechanisms

Although dipole-dipole interaction usually dominates

13 . R . .
C relaxation, for certain molecules under certain conditions

other mechanisms lead to fluctuations in Hloc and give rise
to a correlation time of their own.

In addition to the effects of rotational diffusion dis-
cussed above, sighificant fluctuations of'ﬁioc can arise from
rapid rotation of small molecules or freely rotating CH3
groups. by the spin rptation (SR) mechanism. This mechanism
may dominate the relaxation of nonprotonated carbons and will
become increasingly important as the temperature risés.

Other 13C nuclei may be relaxed by the fluctuations in

Hloc arising from fast relaxation of a quadrupolar nucleus to

which it is coupled. This scalar coupling (SC) mechanism is
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important only for 13C bonded to 79Br.

If the tumbling molecule causes large enough changes in
the components of anisotropiC-shielding constants, then relax-
ation by chemical shift anisotropy (CSA) may be important.
This is rare for 130 nuclei at normal magnetic fields.

Finally, for nuclei-with spin I>1, interaction of the
quadrupole moment with the fluctuating electric field gradient

of the>tumbling molecule leads to nuclear quadrupole relaxation.

(d) Determination-.of Tl-by Inversion Recovery (43,44,45)

The most freduently used procedure for the determination
of spin-lattice relaxation times is the inversion recovery

method. This method utilizes the pulse sequence

. 180°- t, - 90°~ AT — PDesees

where AT = the acquisition: time
. PD = the pulse delay
"t, = the time interval between the

l .
1805 and 90° pulses.

After a 180? pulse inverts .the magnetization vector ﬁ;
onto the -z axis, 1§ngitudina1 relaxation proceeds to restore
ﬁ; back to its equilibrium Valué,'ﬁo. After a certain time
delay, ti, a 90° pulse rotatesnﬁ; tQ'the +y or -y axis (see .
Figure 8) for observation. The acquisition of data begins
immediately after the 90° pulse, giving rise to the FID. A
_ pulSe delay of at least 5T1 allows the system to return to
equilibrium prior to the next pulse. This pulse sequence is

repeated until adequate signal-to—ndise.is obtained. Fourier

transformation of the FID then gives the spectrum.
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FIGURE 8. The 180°—ti—900 pulse sequence
used to determine Tl' (a)"Inversion of
magnetization by a 180° pulse. (b)) Par-
tial recovery during a short time delay,

ti. (¢) Effect of the 90° or observation

pulse applied along the positive x-axis.
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The time delay, ti, is now varied over a wide range to
obtain a series of spectra in which the peak intensity changes
from the equilibrium value-ﬁo, passing through zero and be-
coming inverted. The strongest inverted peak will come from
the 180°-0-90° pulse sequence.

The peak areas, which are a measure of the magnetization
immediately after the 90° pulse, can be used to determine the
rate of recovery of the longitudinal magnetization. DPeak
heights which have been found to be proportional to peak areas
are commonly used in these measurements.

The rate at which'ﬁz returns to equilibrium is given by

the Bloch equation

[211] sz (Mz_Mo).

This recovery process is illustrated in Figure 9.

Rearrangement of this equation to

dM dt
- [33] A= o 2
(Mz'Mo) Tl

followed by integration, yields

[34] 1n(M_-M_) = -t/T, + c.

When t=0, ﬁz=4ﬁ; and the integratiom constant is ¢ = ln(—ZMO).
The equation for the recovery of the longitudinal magnetiza-

tion may now be written

[35] ln(Mo—Mz) = Tt/Tl + ln(2MO),




FIGURE 9. The recovery of ﬁz as a function
of the time delay, ti, in the inversion re-
covery determination of Tl. Note that the
peaks will pass from negative intensity
through zero to positive intensity.

47
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A plot of ln(Ao-Az), where Ao is the peak height for
ti= © and Az is the peak height for any other time delay ti,
versus ti will yield the spin—lattice relaxation time as the .

reciprocal slope, ie. slope =—1/Tl.

3. RELAXATION AND NUCLEAR OVERHAUSER ENHANCEMENT

(a) The Nuclear Overhauser Effect

The‘intensities of carbon resonances measured under con-
ditions of complete proton noise decoupling are frequently
greater than expected from collapse of the multiplet of the
coupled spectrum. This effect, observable for many nuclei,
is referred to as the nudlear Overhauser effect (nOe).

Maintaining a strong rf field at the Larmor frequency
of the protons throughout the experiment saturates the proton
spin energy levels, ie. the populations in energy levels 2
and 4 are equalized as are the populations in levels 1 and 3
(see Figure 7).

After a weak rf excitation at the carbon Larmor fre-
quency, spin-lattice relaxation tends to réstore the 13C
spins to equilibrium. The saturation of the proton spins
will not affect the net transition probabilities ch since
the probability for the 2-»1 transition is increased but the
4—>3 transition probability is decreaséd proportionately.
However, the saturation forces cross relaxation,wz,increasing
the population in level 4 and thereby providing the enhance-

13

ment of the C signal intensity.

The signal enhancement or nOe obtained by saturating
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the proton spin levels in the 13C—lH system has been shown

(51) to be given by

W -W Y
[36] nOe = 2 e —:4
Wot 2W 0+ Wy Y¢
Yy and Yo being the magnetogyric ratios of hydrogen and carbon.

(b) Differentiation of Relaxation Mechanisms

The nOe will be a maximum when the dipole-dipole inter-
action overwhelmingly dominates the relaxation of the carbon
under observation since it is the only mechanism, other than
a seldomly encountered scalar coupling (47), which gives rise
to cross relaxation.

In>the region of motional narrowing the ratio of transi-
tion probabilities Wo:Wlljg:W2 for the 13C—1H two-spin system

under proton decoupling conditions has been worked out (47)

to be 1/6:1/4:1 . Under these conditions [36] becomes
Y

[37] n0e = —=
2Y¢e

and the maximum observable nOe is 1.988.
When other relaxation mechanisms are contributing, addi-
tional ch terms must be added to the'denominator in [36],

and the nOe is decreased.

The observed relaxation rate is then written (44) as a

- sum of all contributing factors

OBS _
[38] Rl = R 1 + Rl + Rl + Rl + Rl

In terms of relaxation times this equation can be written
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39 1 = 1 + 1 + 1 1 1
[39] OBS - DD SR pCSA + rSC pother
1 1 1 1 1 1

When the nOe is a maximum, only DD relaxation is oper-

OBS

ative and Tl = TfD. When the nOe <1.988 then the DD con-

tribution to relaxation is given by (43, 44)

nOe
1.988

x 100

[40] %DD =

and the dipolar spin-lattice relaxation time is calculated as

1.988
[41] PP - pOBS

4. MOLECULAR REORIENTATION IN LIQUIDS

(a) Introduction

The molecular COrfelation time, L which can be calcu-
lated from TfD according to [32] coptains»information about
the rotational dynamics of the molecule in solution. How-
ever, an interpretation of the molecular motion may be dif-
ficult since from [32] only one T, is.éalculated. This T,
is a measufe of the overall reorientation of the molecule.

" In order to gef a good bhysica1 picture of the ﬁolecﬁlar
motion several models of'molécular reorientation should be
tested to see how compatible they are with the experimental

reSults.




51

(b) Isotropic Reorientation

If one assumes that the molecules in a liquid are under-
going rotational Brownian motion (rotation proceeding by a

large number of small, random jumps continually being inter-

rupted by molecular collisions) the reorientation time may
beiexpressed in terms of a rotational diffusion coefficient

(46),0, as

The diffusion coefficient itself may be expressed in terms of
a rotational friction coefficient, ¢, derived from hydrody-

namics, by

[43] 6 = T

v 3 A ' v o
where ; = 8ma"n for a spherical particle of radius a moving
uniformly through a continuous flﬁid of Viécdsity n, at a

temperature T, k being the Boltzmann constant. The result, [44],

known as the'Stokes—Einstein equation (52) assumes that the

- fluid at the surface of the sphere is carried along with the

rotating surface.

KT

[44] 0 = —m
8ma3n

Therefore, thexreorientation time predicted by the Stokes-

Einstein equation is given (53) as
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ara’n  vn

45 = = —
[45] Te 3kT kT

where V is the molecular volume.

Although this hydrodynamical model has severe limita-
tions (54) it may be applicable to molecules which are fairly
spherical and which are interacting strongly with the solvent
(eg. by hydrogen-bonding). These spherical molecules under--
go isotropic reorientation since'the motion abdut each prin-
cipal axis is the same. However, since most molecules are
nonspherical, the calculated reorientation time will not be
meaningful unless the equations reflect the geometry of the

molecule.

(c) Anisotropic Reorientation

For nonspherical molecules the rotational diffusion and
friction coefficients are tensor quantities and must be broken
down into components along-each of the molecular axes in ord-
er to get information on molecular motion.

The simplest case to consider are the symmetric top
molecules which can be approximated as oblate or prolate
spheroids in the hydrodynamical deséription. For this geom-
etry the motion about two of the molecular axes is the same.
Again assuming that the fluid at the surface of the spheroid
has the same velocity as the surface, the components of the

rotational friction tensor have been worked out (55, 56) to be
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32mn(c4-a4)

46 = =

[46a] t17 %2 3[(2c2-a2)S - 2¢]
32mna2(c2-a?)

46D =

[46b] "3 3(2c-aZ28)

where a is the major axis and ¢ is the minor axis, and

[47a] 8 = 2(a2-c2)7%tén_l[(az—cz)%/c]

for oblate spheroids (where a>c), or

[47b] S = 2(02—a2)_%1n[c + (02~a2)$/c]
for prolate spheroids (where a<c).
The correlation time can now be expressed in terms of

the components of the rotational diffusion tensor (56,57)

1 3
[48] T = + =
c 246; 8(6;+263)

or in terms of the compone%ts of the rotational friction

tensor

[49] T = +
c 24kT 8kT(1+2c1/C3)

Equations have been derived for planar asymmetric top
molecules (57), for which §1=C2¢;3; These equations become

yet more complex and will not be considered here.
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(d) Boundary Conditions

The equations shown above are derived on the assumption
that the solvent at the surface of the particle rotates with
the particle. This "sticking" boundary condition often leads
to T, values which are much larger than the experimental T,
values. It appears that this model predicts too much friction
and may only apply in cases where the solvent strongly hydro-
gen-bonds to. the solute.

A'change to the "slipping" boundafy condition, in which
the solvent is considered to slip past the surface of‘the ro-
tating particle, has brought the calculated'rc values into
better agreement with experimental results. The slip condi-
tion has also been much more successful in accounting for the
experimental viscosity dependence (53, 58) of Tgo given. by

the constant C in

[501] o T, = Cn/T .

For spherical molecules rotating under slipping boundary
conditions, the rotational friction coefficient =0 since the
molecule is rotating in its own voiume and does not disturb
any solvent. However, nonspherical molecules will have rota-
tions which move solvent even under slip conditions.' Hu and
Zwanzig (59) have calculated friction coefficients for rota-
tion of the symmetry axis of‘oblaté and prolate spheroids un-
der slip conditions as a function of the geometry of the
spheroid, with the geometry ranging from a perfect sphere to

the extreme limits of compression -a disk (for the oblate




geometry) and a needle (for the prolate geometry).

Bauer et.al. (60) have shown that the correlation time
for rotation about the symmetry axis of the symmetric top mol-
ecules benzene and mesitylene is virtually independent of the
viscosity of the medium. On the other hand, rotation of the
symmetry axis moves more solvent and has a greater viscosity

dependence as expected under slip boundary conditions.

5. MOLECULAR DYNAMfCS OF COMPLEX FORMATION

(a) Effect of Chemical Exchange on Relaxation

Any changes in the environment of the molecule being ob-
served which affect its overall motion, will have an effect
on the dipolar relaxation time. This is a consequence of the
dipolar relaxation mechanism which arises out of the rotat-
ional motion of the molecule.

Consider, for example, the equilibrium

_ ks
[10] A + D-zzizzfAD
4

where kl'is the rate constant for the reorien-
tation of free D,
k_ is the rate constant for the reorien-
tation of complexed D (ie. AD),
k_ is the rate constant for association
of A and D, ‘
k is the rate constant for dissociation
of AD,

and where kl and k2 are related to the correlation times

for free and complexed D respectively by ki=(Ti)_l.
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If the spin-lattice relaxation time of a nucleus in D
is being measured, the Tl will depend on the rate constant
for the reorientation of the free D molecule, kl' When D is .
complexed the reorientation rate constant k2 will normally be
slower. Therefore the observed Tl will depend not only on
the reorientation rates of the moleculelin the free and com-
rlexed environments, but also on the rate at which the mol-
ecule exchanges between these environments since the reor-
ientationdl behaviour will vary with time as a result of the
exchange.

Anderson and Fryer (61) show that the relaxation be-
haviour of a molecule D is very dependent on the relative
rates of chemical exchange and molecular rotation. For in-

tramolecular dipolar relaxation, they show that the Tl can

be expressed as

(511 _ B [ Qt/As /A QA (4Q/A) ]

1 _B +
T, 5 |1+(w/A)7 T 1+ (20,/00)7  1H(wp/A0)? T 1+(2up/A0)2

where B is a constant which depends on the nmr

lH, ZH) 13C’ "')’

w_ is the nmr frequency of the nucleus un-

method used (ie.

der observation, and

Q+ and A+'are expressions which introduce
the rate constants, kl’ k2, k3, k4,‘the
fraction of D molecules complexed, o,
and the concentration of the other com-
ponent, A, at equilibrium, (see (61) for

complete details).
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In the region of motional narrowing, kl,k2>>wo, this

expression simplifies to

[52] _i—=B[91+9.:].

/

When the rate of chemical exchange is slow relative to
the rates of molecular reorientation, ie. k3,k4<< kl,k2 , the

observed spin-lattice relaxation rate, R_, or 1/T1’ is a

1

weighted average of the spin-lattice relaxation rates of the

free and complexed molecules, 1/TD and 1/TAD respectively,

)

[53] ! (1-0) + = (o)
— TR e——— -0 —_— o .
T, Tp Tap

When the rates of exchange are fast relative to the re-

orientation .rates, ie. k3,k4>>kl,k2 , then

[54] Tl = TD(l—a) + TAD(a),

Anderson and Fryer (61) have generated theoretical

curves illustrating the effects .of different exchange rates,

k4, relative to the rate of reorientation of the complex, k2,
on the relaxation time. In these calculations they assume
k4/k3= 10, kl/k2= 100 and then compute Tl as a function of o

for various ratios of k4/k2, Their results are qualitatively

illustrated in Figure 10.




FRACTION COMPLEXED «

FIGURE 10. Theoretical curves showing
the effect of (a) 'slow"(k4/k2=1o‘4),
(b) intermediate (k4/k2=10), and (c)
fast (k4/k2=106)' chemical exchange

on the relaxation behaviour. . (After
Anderson and Fryer (61)).

4
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(b) Evaluation of the Rate Constants

(i) Determination of Relative Exchange Rates

The Tl ratio as used by Anderson and Fryer (Tl of the
donor in a complexing environment relative to the Tl of the
free donor where o=0) may be useful in some cases to estab-
lish whether the system being studied can be classified un-
der\slow exchange or fast exchange. Figure 10 shows that
this Tl ratio may provide insight into exchange rates par-
ticularly in the region where o is small. Their data ex-
amined in this manner indicated that the iodine complexes of
dimethylsulfoxide and t—butylamine fall into the slow or
intermediate exchange category. Howevef,'the iodine com-
plexes of benzene and p-dioxane, for example, definitely
fall into the fast exchange category since the Tl's of these
donors are hardly affected by this complex formation. This
is consistent with dielectric relaxation studies Which have
shown (62) that the iodine:benzenevahd iodine:p-dioxane com-

plexes have .lifetimes which are comparable to or less than

their reorientation times, ie. fast exchange is taking place.

These studies also demonstrated that the trinitrobenzene

complexes of triethylamine and tributylamine undergo slow

exchange.

Behr and LehnA(63)‘rearrange the'Tl expression for slow

exchange [53] to

1 1 1 1
[55] = [— - o+ —— -
T; Tap Tp - Tp

i
|
;
|
!
}
i
i
¢
}
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The equilibrium constant for a given system, determined by any
of the standard methods, allows calculation of the fraction
complexed, a. The measured relaxation rate, 1/T1, is then
plotted versus 0. Linearity of the plot is taken as an indi-
cation that slow exchange is .a valid conclusion. The a=1 in-

tercept gives 1/TAD, allowing the molecular correlation time

‘and the rate constant for reorientation to be calculated for

the pure complex.

(ii) . Curve Fitting

The first study of the molecular dynamics of EDA complex
formation waé reported by Brevard and Lehn (64) who investi-
gated the complex»formation of trinitrobenzene with the donors,
fluorene-dl, methylfluorene—dz,.and'methylenefluorenetdl,. |
using deuterium Tl values. . They used the general expression

of Anderson and Fryer [52] with B = 3/8(e2qQ/h)2, where

2

(equ/h) is the quadrupolar coupling constant of the “H

.nucleus. @

" This expression was simplified to contain only two un-
knowns, k2 and k4, by introducing the experimental equilib-
rium cohstant,’K=k3/k4 (see [10]1), and'the‘reorientation rate
of the pure donor,kl. >The authors then fit their'Tl data.to
[52] using their computer program QUADEX. In QUADEX Tl values
are expressed as a function of a,'with‘k2 and k4hbeiquvaiiéd
until the best fit to the experimental data is obtained.

This yields the values for k2 and k4 and thus allows a com-

plete description of the dynamics of the system.
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Their results indicate that the rates of dissociation
of these complexes are slow relative to the rate of reorien-
tation of the free donor but comparable to the rate of re-

orientation of the complexed donor.
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III. EXPERIMENTAL

MATERIALS

1,4-Benzoquinone - practical grade (Matheson, Coleman &

Bell), was recrystallized from ethanol, mp 111.5—1136.

Hexamethylbenzene - reagent grade (Aldrich), was recrys-

tallized from ethanol, mp 163-164°.

Pentamethylbenzene - reagent grade (Aldrich), was re-

crystallized from methanol, mp 52-54°,

Carbon tetrachloride - certified ACS (Fisher), was

freshly distilled.

Deuterium oxide - 99.7 atom % D (Merck, Sharp & Dohme),

was used without further purification.

Phenylhydrazine - Baker grade (J.T.Baker) was used with-

out further purification.

Acetone—1,3—l3C - 90 atom % 13¢ (Merck, Sharp & Dohme),

2

Lot no. E-508, was used without further purification.

Acetone-2-13c - 90 atom % 13c (Merck, Sharp & Dohme),

Lot no. E-1027, was used without further purification.

Methanol - absolute, reagent grade (Fisher), was used

without further purification.

Benzene - certified ACS (Fisher), was used without fur-

ther purification.

Mesitylene - reagent grade (Fisher), was dried over

anhydrous CaSO4 and then distilled.
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Zinc chloride - Baker analyzed reagent (J.T.Baker), was

freshly fused, ground up and dessicated over P205.

n-Pentane - pesticide grade (Fisher), was used without ’

further purificatioﬂ.

1,2-Dichloroethane - certified ACS (Fisher), was washed

successively with concentrated sulfuric acid, water,
sodium bicarbonate, water, and then dried over anhydrous

MgSO4 and distilled.

1,2-Dichloroethane-d - 99 atom % D (Merck, Sharp &

4 .
Dohme), Lot nos. E-998 and E-142, was used without fur-

ther purification.

1,1,2,2-Tetrachloroethane - reagent grade (Aldrich),

was washed with concentrated sulfuric acid, water, and

then dried over anhydrous CaCl2 and distilled.

1,3,5-Trinitrobenzene - (BDH), was recrystallized from

ethanol, mp 122-123°.

2—methylindole—(methy1,3);13C - was synthesized by the

2

Fischer indole synthesis (7).
Acetone—1,3—1302 phenylhydrazone was prepared by

refluxing a slight excess of phenylhydrazine (1.5g) with

13C2 (0.63g) in absolute methanol

(18m1) for forty minutes. The methanol was then dis-

90 atom % acetone-1,3-

tilled off carefully. Addition of benzene (15m1) allow-
ed the last traces of methanol and water to be distilled
out as azeétropes.

Dry mesitylene (4.8g) and freshly fused zinc chlo-
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ride (1.7g) were added to the warm acetone phenylhydra-
zone (theoretical yield 1.6g). The mixture was then
refluxed vigorously for 1 hour.

After decanting the supernatant into a clean flask,

the mesitylene was .removed with a rotary evaporator
leaving crude 2—methylindoie. - The tarry residue was
refluxed for 1 hour in 0.2N HCl1l (15ml1) to diséolve in-
organic material. The solution was filtered through

glass wool, cooled and extracted with ether. The ethe-

real solution ﬁas dried over Na:SO4.and the ethér care-
fully removed on the rotary evaporator leaving a small
amount of crude 2-methylindole as a very viscous oil.
The.combined crude 2-methylindole was purified by
soxhlet extraction with n—penfane for approximately 3
hours. The.extracted product and soivent were then re—v

frigerated. The é—methylindole.which crystallized out

was' filtered, dried and weighed. Yield 0.67g (47%).
The product Waijﬁrther'purified.by sd%limation.

It was found that-slow sublimation.usihg_a water aspi-

rator to evacuate the apparatus-resulted in the collec-
tion of the whitest crystals on the cold finger. During
the sublimation the cold‘fingef'was packed with crushed

ice and the sample compartment was immersed. in a paraf-

fin bath maintained at approximately 50°.
The purified z—methylindole-(mefhyl,3)—1302 had a

mp of 58-59°.
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2-methy1indole—2—13c - was synthesized from 0.58g of

acetone—2—l3C using the same ratio of reagents and the
procedure described above. Purification was also by
soxhlet extraction and sublimation. Yield 0.71g (55%),

mp 58-59°.

2-methylindole - technical grade (Aldrich), was soxhlet

extracted and sublimed as above, mp 58-59.5".

B. NMR SAMPLE PREPARATION

For the chemical shift study of the p-benzoquinone:hexa-
methylbenzene and p-benzoquinone:pentamethylbenzene systems
in carbon tetrachloride, all components were weighed into a
2-ml1 volumetric flask on an anal&tical‘balance. After dis-
solving, the samples were transferred into 10mm nmr tubes
and a;coaxial tube containing DZO was inserted for nmr lock
purposes.

The same procedure was followed in preparing samples
for the chemical shift studies of the 2-methylindole:1,3,5-
trinitrobenzene system in 1,2-dichloroethane.

The samples used for the spin-lattice relaxation time
study of C-3 of 2—methylindole—(methy1,3)—1302 as a function
of the concentration of added TNB were also weighed out as
describéd above. In these experiments 50% by volume of the
1,2-dichloroethane solvent was .of the deuterated type in or-
der to provide a deuterium lock signal. These solutions were
transférred into 8mm nmr tubes‘to~é depth of 27-28mm, attach-

ed to the vacuum rack (see Figure 11) and slowly frozen in

{
4
I
i
i
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liquid nitrogen (bp —195.8°). With the oxygen trap also im-
mersed in liquid nitrogen the sample was slowly evacuated.
The stopcock leading to the nmr tube was then closed, the

liquid nitrogen was removed and the sample was allowed to

“thaw slowly to release dissolved oxygen. The sample was
then frozen and evacuated'again.- This freeze—pumﬁ;thaw cycle
was repeated four times. After the fourth freezing the tube
.Was sealed by heating with a medium flame from an oxygen-—

propane torch just above:the*constriction; The seal was

made as symmetrical asvbossible to-fécilitate smooth spinning
of the sample. Finally, a'hot flame was used to fire—polish
the seal. The sample was then thawed and placed in hot water
to test the.seal.under.pressure.

The sample used“for.a Tl”study of 2—methylind61e as a
function of tempeiature (viscosity),was.prepared by weighing
out 2-methylindole-(methyl,3)-'’C,
50% of which was 1,2-dich16ro¢thanejd4. The sample was de-

"in 1,2-dichloroethane,

gassed by Tour freeze-pump-thaw cycles and then sealed in an

8mm nmr tube.

The samples used for the Tl'study of 2—methylindole as
a function of viscosity at a constant temperature were pre-
pared by weighing out 2—methylindole—(methy1,3)—1302,-1,2—di—

chloroethane and 1,1;2,2—tetrachloroethane. The viscosity

was varied by changing the ratio of dichioroethane and tetra—
chloroethane over the series.: Approximately 0.1m1 of the
dichloroethane 'in each sample was of the deuterated type. An

additional sample was prepared by weighing out the 2-methyl-

indole in pure 1,1,2,2-tetrachloroethane to extend the vis-



R . » To vacuum

Oxygeh trap

Nmr tube containing
sample being degassed - ,

FIGURE 11. 'Section of the vacuum rack
~used to degas and seal nmr samples.
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With the interlock system inactivated and the decoupler going
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cosity range. Since this sample did not contain a deuterium
lock nucleus, a coaxial tube containing D20 was added. The
Tl of this viscous sample was expected to be sufficiently

small so that dissolved oxygen would not appreciably affect

the results. Nevertheless, the sample was degassed by bub-

bling dry nitrogen through for about 3 minutes.

C. HIGH RESOLUTION .CARBON-13 NMR SPECTRA

Carbon-13 nmr spectra were obtained on a Varian CFT-20

pulsé Fourier transform spectrometer .operating at_20.0 MHz
(magnetic field strength 18;682 kG) with fieid stabilization
via internal deuterium lock. The spectra were obtained un-
der conditions of complete,proton-noise~decoupling.

Probe temperatures, measured before and after obtaining'
each spectrum, were maintained'to within a 1° range by main-
taining .a constant SCFH:(standard cubic feet per hour) air
flow through the probe'body. "The.ppobeftemperatqre was mea-—

sured with a thermometer in a water sample set into the probe

to the same’depth as the samples used for the nmr studies.

continuously the temperatures could be measured while the
instrument was pulsing.

Each sample was allowed approximately 15 minutes for

equilibration .in the‘probe prior'to accumulation of data.

The field homogeneity was'optimized before each sample was

run. |
The spectral width (SW) was set just wide enough to in-

clude the solute peak being monitored and the solvent peakv
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used as the reference. The maximum number of data points
(DP) available was always used. Consequently, the acquisi-
tion time (AT) for each experiment was set by the following
: relationship: DP = 2xSWxAT. The flip angle, és determined
by the pulse Width,‘wasrset small enough so that the magnet-
ization could return to equilibrium during the AT between
pulses. Consequentlyvno pulse delay (PD) was used.

Thé accumulation of~data'was:continued.until adequate
signaléto—noise (S/N) was obtained. The FID was then weight—
ed to enhance the S/N'fﬁrther and ‘Fourier transformed as il-

lustrated in Figure 12.

D. SPIN-LATTICE RELAXATION TIMES

The observed-carbon—13'spin—lattice'relaxation times:
were determined by the inversipn recovery method usiﬁg‘the
(180°—ti;901—AT—PD)'pulse‘seqﬁence. ‘By ‘varying ti, the de-
lay_time'betﬁeen the 180° and the .90° observation pulse, a
series of spéctra;.showingfthe'rate’of'recovery of the “long-
itudinal‘magnefization,after the 180°vpu1se,.are dﬁtained:
(see Figure™9). A pulée‘delay of atzleast 6T1 Waé uséd for
. allisamples.

The probe temperature was measured before and.after each
Tl determination using a thermometer’immeised'in,1;2—dichlo_
roethane foilowing the techﬁique descfibéd eariier. For the
consfantftempefature Tl Studies the probe temperature was
maintained at 35.0#0.5° with a Varian CFT-20 Variable Tem-

perature Accessory. For the study Of'the”Tl as a function
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¥ 4

solvent

ww .

FIGURE 12. Obtaining a 13C nmr spectrum of
2-methylindole in 1,2-dichloroethane with D20
in a coaxial tube for lock purposes. (a) the
FID, (b) the FID after sensitivity enhancement
and (c) the weighted FID transformed into the
frequency spectrum.
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of temperature, the probe body was cooled with N2 gas which
was passed through the heat exchanger coils immersed in ei-
ther crushed ice-water, dry iée—acetone, or liquid nitrogen .
depending on the temperature required. The Variable Temper-
ature Accessory was again used to maintain a constant temper-
ature.

Field homogeneity was again optimized prior to each
determination.

The.pulse widths corresponding to the 90° and 180°
pulses were determined for use .in the inveréion recovery
sequence.

A total of 40 to 50 pulses was sufficient to obtain
good S/N on Fourier transformation. The FID was weighted

13

to broaden the lines, otherwise seen as a doublet due to C-

13¢ coupling in this compound, 2—methylindole—(methy1,3)—1302.
This made phasing easier.

For each Tl determination 10-12 ti values were used.

E. NUCLEAR OVERHAUSER ENHANCEMENTS

The nOe factors were measured before and after each Tl
determination. First, a spectrum showing the nOe was ob-
tained by running the sample with continuous proton decoup-
‘ ling. Next, a fully decoupled spectrum without nOe was ob-
tained using puise—modulated proton decoupling. This was
accomplished by gating the decoupler on during the obser-
vation pulse and déta acquisition but gating it off during

the pulse delay. The pulse delays were never less than 6T1'
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F. VISCOSITY DETERMINATIONS

The viscosities of the 2-methylindole-=trinitrobenzene
solutions in 1,2-dichloroethane and the solutions of 2-methyl--

indole in various mixtures of 1,2-dichloroethane and'1,1,2,2—

r'd

tetrachlqroethanevwere determined with an Ostwald viscometer
and density bottle .at 35°. “The solutions were allowed to

equilibrate in the water 'bath, maintained at 35.00%0.01°

for at least 15 minutes prior ‘to removal for weighing. The

density bottle containing the sample was then weighed at 4

minuté intervals, allowing‘an_extrapolation'back to the time

at which the sample Wés=remOVed‘from the bath, ie. the weight

at 35°. |
Drop‘times were measured with éml‘volﬁmes in the vis-

cometer which was clamped in the constant temperature bath.
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IV. RESULTS AND DISCUSSION

A. SYNTHESIS OF CARBON-13 ENRICHED 2-METHYLINDOLES

1. DIFFICULTIES IN THE SYNTHESIS

Alfhough the synthesis of 2—methylindoleﬁvia the
Fischer indole synthesis is well documented in the litera-
ture (7, 10, 11), reported yields were difficult to repro-
duce for small scale syntheses.

Preliminary experimeﬁfs, using nonenriched acetone as
the starting material, were carried out to gain familiarity
with the procedure and to identify critical points in the
synthesis.

Originally the acetone phenylhydrazone was synthesized
by refluxing a mixture of acetone (0.5g), phenylhydrazine
(1g), absolute ethanol (12.5m1) and 1 drop of glacial acetic
acid for 20 minutes. Basically this is the method reported
in Pasto and Johnson (65) with the exceptiqn that absolute
ethanol was used as the solvent in place of methanol. This
allowed for removal of water from the system prior to indo-
lization. This was accomplished with the addition of an ex-

cess of benzene followed by distillation of the benzene-eth-

anol-water azeotrope (bp 64;60). The acetone phenylhydrazone

was then subjected.to indolization following the method of

Chapman, Clarke and Hughes (11), ie. addition of cumene (4ml)

~and Zn012 (1g) followed by 1 hour of refluxing. This result-

ed in extensive tar formation. However, evaporation of cu-

mene from the supernatant did result in a small amount of
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viscous o0ily material, shown to be impure 2-methylindole by
13C nmr. Attempts to purify the product by recrystallization
from cyclohexane failed to yield a crystalline product. Af-
ter other attempts by this method yielded the same unsatis-
factory result a series of syntheses were performed in order
to improve the quantity and quality of the product.

First, methanol was used in place of ethanol in the syn-
thesis of acetone phenylhydrazone. After refluxing for 20
miﬁutes the methanol was distilled off and the indolization
carried out as described above. Although there was still
extensive tar formation the o0il obtained'én evaporation of
the cumene did solidify in the cold. Soxhlet extraction of
this material with pentane provided solid 2-methylindole
with yields of 18-26%.

Several other factors which were tested did not affect
the yield appreciably. A change in the inert solvent used
in the indolization from cumene to mesitylene resulted in a
24% yield. The use of freshly fused ZnCl2 did not appear to
increase the yiéld (30%) significantly. Finally, the removal
of methanol and water as azeotropes with benzene (bp 58.3°
and 69.4° respectively) prior to indolization only increased
the yield to 33%.

Several other methods were usea (10, 13, 66) in an at-
tempt to improve the yield but with no success. Therefore,
attention was focused on the preparation of acetone phenyl-
hydrazone since the indolization procedures all gave similar
results.

A larger portion of the acetone phenylhydrazone was
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synthesized following the method of Posvic et.al. (67), by
réfluxing acetone with phenylhydrazine in methanol without
acid catalyst. After purification of the phenylhydrazone by.
vacuum distillation, indolization by the usual method (addi-
tion of Zn012 and mesitylene) gave yields of 54570% 2-methyl-
indole with essentially no tar formation. Therefore, it ap-
peared to be crucial that the phenylhydrazone be pure prior
to indolization. Although-a satisfactory yield had been
achieved it was desirable to develop a method that did not
require distillation~of'the=acetone phen&1hydrazone for use
in the synthesis of labelled 2-methylindole where very small
amounts would be used. .Therefore it was necessary to deter-
mine whether traces of acid or of methanol or both caused the
low yields during the inddle synthesis.

The next synthesis was carried out by preparing the ace-
tone phenylhydrazone without the use of the solvent (metha- |
nol) or the acid catalyst by simply refluxing equimolar
amounts of acetone aﬁd phenylhydrazine. Indolization resul-
ted in a yield’of 29% (the presence of water produced by the
reaction may have contributed to this low yield). However,
when the phenylhydrazone was prepared in methanol without
the‘acid catalyst (as in Posvic et.al), indolization after
removal of water as the benzene azeotrope resulted in a 60%
yield.

These results indicate that preparation of the acetone
~phenylﬁydrazone in methanol (without an acid catalyst) fol-

lowed by removal of the methanol and water by distillation
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as their benzene azeotropes gives material suitable for the

indolization step.

2. POSITION OF ENRICHMENT

(a) Consideration of “the Mechanism

When acetone—1,3-1302 is used to synthesize acetone

phenylhydrazone, the enrichment takes place as follows:

* %
*  f* |
CH3CCH_3 + —————— N
. _' - N,
) H

Indolization of the acetonewphenylhydrazohe according to the
accepted mechanism for the "Fischer indole synthesis (14, 15)

would yield 2—methylindole—(methy1,3)—130.

2
3”3 ,
N -

H

When acetone42—l3c is used as the starting material, the
enriched acetone phenylhydrazone produces 2—methylindole—2—13

according to the mechanism.

CH3
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(b) Carbon-13 Nmr Spectra

Parker and Roberts (68) have resolved all of the carbon
resonances of 2-methylindole and assigned them to specific
carbon atomé with the help of off-resonance proton decoupling.
When the chemical shifts, which they report relative to CSZ’
are referenced to TMS at 0.00 ppm, the carbon resonances ap-
pear as summarized in Table 3. «

In the spectrum of 2-methylindole in 1,2-dichloroethane,
several carbon»resonances”are not resolved. However, assign-
ments canvbe‘made as indicated in Figure 130 on the basis of
the data cited above.

Thus, the products obtained (see Figures 13a and 13b)
on the basis of the peak*assignmenfs of Parker and Roberts,
show enrichment at C-3 and the methyl carbon in the first in-
stance and at C~2 in the second.

Although there is some discrepancy in the literature
regarding the assignments .of C-5 and C-6 of indole (69), this
does not affect the C-2, C-3 and methyl carbons of 2-methyl-

indole.




TABLE 3.

Chemical shifts of the
carbons of 2-methylindole rela-

tive to TMS at 0.00 ppm.

CARBON ATOM

CHEMICAL SHIFT (d)

C-2
C-3
C-4
C-5
C-6
Cc-7
C-8
Cc-9

Methyl

135.7
100.4
120.0
121.1
119.9
111.7
129.9
137.1

13.4

78




79

1,2-dichloroethane —__

(c)

150 : 100 50 0

¢ (ppm)

FIGURE 13. Carbon-13 nmr spectra of (a) 2-methyl-
indole—(methyl,B)—1302, (b) 2-methylindole-2-17¢,
and (c) nonenriched 2-methylindole in 1,2-dichloro-
ethane.
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B. CARBON-13 CHEMICAL SHIFT STUDIES OF SEVERAL
EDA INTERACTIONS

1. METHOD OF ANALYSIS

Although the HAFF equation [18] is frequently used
to evaluate equilibrium constants, this method requires that

one component be kept in large excess.
[18] -A/[D]O = -KA + KAO , for [D]O>>[A]o.

As ‘long as the large excess is maintained, the equilibrium
concentrat;on of'the major component, [D]eq, is approximately
equal to its initial concentration. However, because of the
high concentrations of the-minor-component‘required in‘13C
nmr studiés,.it was not féasible'to have a large excess of
one component oVer the .other. Therefore, the HAFF method
(or any other method requiring aflargé'excess) is not appli-
cable. i . |

Determination of K by the RoseiDrago method was found
to be too subjective. The othér method (discussed in section
I1.C.) appeared.too awkward.

Thereforé, the following approach was developed. The

data were evaluatéd by a method of successive approximations

using {D]eg values in the HAFF equation
1561 A/ID), = -KA + KA,

This is an exact. equation which does not require the large .

" excess of one component..
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The exact form of the equilibrium constant expression

can be written as

[4D]
[D] ( [A] -[AD])

[571] K =

This can be rearranged to

_ KDl g [A],
1 + K[D]eq

[58] [AD]

An expression for<[D]éq was obtained by substitﬁting [58]

into
[59] [D]eq = [D]o— [AD]
resulting in
KI[D A
[601 [p]_, = I[D]_- Dlegldlo
- o9 1+ K[D]__

The equilibrium constant was obtained to a first approxi-

mation by.a_firsteorder'leaSt—squéres—fit of A vs A/[D]O (the

HAFF method). " Using this value of K, a'seriés of [D]eq val= .

ues were calculated by substituting [D]o for [D]eq in the
right hand side of [60]. These approximate [D]eq values were

then used in [60] to calculate a new set of [D]eq values.

This iterative procedure was .continued until the [Dleq values
converged. (It was felt that this procedure was easier to
ﬁrogram:than sdlving by a quadratic equation where instruc-

tions for selecting the correct root must be included). A
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better approximation for K was then obtained from the least-
squares-fit of A vs A/[D]eq.
The iterative process used to calculate [D]eq values
was again applied, using the new value of K. With these

[D]eq values a still better approximation for K was obtained.

The entire process was continued until K converged to some
value.

The APL\360 computer program 'SHIFT' (see Appendix A)

was written to perform the calculations and iterations.

2. HYDROCARBON COMPLEXES OF p-BENZOQUINONE

Since at the outset of this work there were no pub-

lications on the application of 13C nmr to the study of EDA

- interactions, systems which had been studied by lH nmr were
investigated in order to determine the suitability of 13C nmr
% for this type of study. In this regard complex formation of
| p-benzoquinone (PBQ) with the donors hexamethylbenzene (HMB)
and pentamethyibehzene (PMB) in CC14 were chosen.
In each of these systems a series of solutions were'pre—

pared in which the chemical shift of the protonated carbon of

PBQ was measured as a function of the concentration of the
donor. The PBQ concentration was maintained at ca. 0.07 molal

while the donor concentrations ranged from ca. 0.2 molal to

an upper limit of ca. 0.5 molal for HMB and ca. 0.8 molal for
PMB (determined by the solubility in CCl4). The chemical
shifts were measured in hertz relative to the 13C resonance

of CC14. Reproducibility of line poSitionslwas experimentally
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determined to be *0.06 Hz. All spectra in this study were
run such that Fourier transformation provided 1 real data
point every 0.25 Hz.

The data are summarized in Tables 4 and 5 for HMB and
PMB respectively.< Plots of A vs A/{D]eq (after convergence
of K) are presented in Figures 14 and 15.

A standard first-order least-squares-fit of the data
provided the equilibrium constant as the negative slope.
Values of K = 0.62 (kg solvent)mol™’ and K = 0.49 (kg sol-
vent)mol_l were obtained for the'PBQ:HMB and PBQ:PMB systems
respectively, in CC14 at 34.5°. The correlétion coefficient
for both sets of-data was 0.990.

Foster and Fyfe (30) have determined equilibrium con-
stants for these two systems in CCl4'at 33;5°,using lH.nmr.
The values reported for the PBQ:HMB‘and‘PBQ:PMB‘eqﬁilibria
are K = 0.66 (kg solution)mol ™’ and K.= 0.49 (kg solution)
mol_l respectively; Whenkthe 13C data_were evaluated using
this concentratiop scale, corresponding K values of 0.44 and
_ 0.34‘(kg solutibn)mol_l were calcuiated for these systems at
34.5°. | |

When thé variations frequently encountered in investi-
gating the same EDA system by different methods are consid-
ered, this agreement is qﬁite good  suggesting that ;3C'nmr
shifts are ﬁseful for this type of-study._

The-y—interéept obtained injthe least—squares—fit of
the data fo [56] corresponds to the wvalue KAO.A The wvalues

of both K and Ao obtained for the systems under consideration
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TABLE 4. 13C nmr chemical shifts for ca. 0.07m
PBQ as a function of the HMB concentration.

[PBQ] 2 [HMB] S 8 (Hz)? A(Hz)
0.0636 S—— 799.76 — | e
0.0679 0.203 793.75 6.01
0.0691 . 0.274 791.86 7.90
0.0707 0.358 789.95 9.81
0.0707 0.428 ' 788.26  11.50
0.0725 0.513 786.72 13.04

TABLE 5. *3C nmr
PBQ as a function

chemical shifts for ca. 0.07m
.0f the PMB concentration.

[PBQIZ . [PMBIZ  5(Hz)? A(Hz)
0.0636 —_ 799.76 _
0.0677 0.274 794.60 5.16 :
0.0689 0.368 793.09 6.67
0.0706 0.456 791.63 8.13
0.0729 0.581 789.93 9.83
0.0755 0.807 787.37 12.39

2 Initial concentrations of all components in mol

(kg solvent)_{

b.The observed chemical shifts .of the PBQ resonance

relative to the'CCl4 peak.
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FIGURE 14. Plot of A vs A/[D]eg (after
convergence of K) for the system PBQ:HMB
in CCl, at 34.5:0.5°.
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FIGURE 15. Plot of A vs A/[D]eg (after
convergence of K) for the system PBQ:PMB
in CCl, at 34.5:0.5°.
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TABLE 6. . Comparison of K ana AO values for

PBQ:HMB and PBQ:PMB in CCl, from 'H and *’c
nmr?. ’
K (kg sOlution)mol_l A_(ppm)
PBQ: HMB . 0.44 (0.66) 3.9 (1.4)
| PBQ: PMB 0.34 (0.49) 3.3 (1.5)

lH measurements (in bracketé) reported at
33.5°, 13C measurements at 34.5 .

are compared with the published lH nmr results in Table 6.
The>obServed-upfie1d shifts may be accounted for by

ring current and/or charge migration effects.
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3. THE 2-METHYLINDOLE:1,3,5-TRINITROBENZENE COMPLEX

The synthesis of two 13¢ enriched 2—methylinddles‘
provided a considerable time saving in the study of the EDA
interaction of this -donor with 1,3,5-trinitrobenzene, Since
the chémical shifts of thé.labelléd‘carbons were monitored,
2-methylindole was used as the minor component. The sblvent
1,2-dichloroethane allowed the trinitrobenzene (TNB) concen-
tration to be varied over a fairly wide range (0.3-2.4 mol-
al), while the 2-methylindole (2-Mel) concentration was main-
tained in the region of 0.05-0.10 molal. The equilibrium
constants were determined from the methyl shifts in 2—methy1—

indole-(methyl,3)-"°C_ and from the C-2 shifts in 2-methyl-

2
indole—2f13C as a function offthe.TNB~concentration, using
the method Qf successive:approximations-described’previously.
All chemical shifts were again refere@céd'fo the solvent
peak. Where 2-methylindole-2-'%c Wasiﬁsed,'a large SW (2500
Hz) was neceséary'so:that:bdth the solvent peak and C-2 6f
this donor appeared in the spectrum. Fourier transformation
provided 1 real daté.point éa. every 0.6 Hzf-AWhere 2-methyl-
indole—(methy1,3)—1302fwas used, a SW of 1000 Hz was suffi-
cient, providing 1 realldata'point,ca..every 0.3 Hz.

The data for the two studies are summarized in Tables 7
and 8. The data obtained from the C-2 shifts of 2-methylin-
dole—2—l3C at 35.0:0.5° gave an equilibrium constant of 1.61
(kg solvent)mol—l. “The“correlatidn coefficient for.this daté,
plotted in Figure 16, was 0.976. When methyl shifts of

2—methylindole—(methy1,3)—1302'were.used, an equilibrium




TABLE 7. 13C nmr chemical shifts for C-2 of

2—methylindole—2—l3c as a function of the TNB

concentration.
[2-MeI] 2 [TNB]Z  §(Hz)® A(Hz)
0.0521 — 1822.33 S —
0.0550 0.393 1825.53 -3.20
0.0552 0.611 1826.38 ° -4.05
0.0591 0.949 1827.26 -4.93
0.0643 1.440 1828.49 -6.16
1 0.0715 2.360 1828.71 -6.38

TABLE 8. *7C nmr chemical shifts for the methyl
carbon .of 2—methylindole—(methyl,3)—13C as a

2
function of the TNB .concentration.
[2-Me1]2 [TNB]S  §(Hz)? A(Hz)
0.0991 —_— 615.21 Je——
0.0977 . 0.334. - 621.30 6.09
0.0978 - 0.741 625.60 10.39
0.0970 1.229 629.20 " 13.99
0.0959 '1.550 630.48 15.28
2.215

0.0965

633.08

17.87

“Initial .concentrations of all components in mol

(kg solvent)—l.

bThe observed chemical shifts of the labelled carbon
of Z2-methylindole relative to the 1,2-dichloroethane

peak.
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FIGURE 16. Plot of A vs A/ID], . (after
convergence of K) for the system 2-Mel:
TNB in 1,2-dichloroethane at 35.0%0.5°,

usihg the C-2 shifts of 2—methylindole—”
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constant of 0.95 (kg solvent)mdl—i was obtained. This data,
with a correlation coefficient of 0.998, is plotted in Fig-
ure 17.

"Although K for complex formation between 2—methy1indole
and TNB -in 1)2—dichloroethane has not been determined by 1H
nmr, Foster and Fyfe (31) have measured X for‘fhis system in
chloroform at 33.5 . Using 2-methylindole as the major com-
ponent and-monitoripg'the protoh shifts in TNB, a Valﬁe of

2.16 (kg'SOlution)mol—l:waS'reported.' When the 13C data ob-

tained‘in this study-were evaluated in the corresponding conQ
centration scale, K values of .1.39 and 0.73 (kg soiution)-
mo1™? were obtained from the C-2 and methyl shifts of 2-meth-
vlindole respectively.

Considering the decréase expected in K with the change
to a solvent of higher\dielectric.constant (32), the 130 re-
sults are reasonable. A comparab1e~decrease in K, from 1.65
to 0.85)”hasubeen repdrted*(Bl)nfor the complex fdrmatipn of

indole with TNB on going from chloroform to 1,2-dichloro-

ethane.

As indicated in Tables 7 and 8, upfield shifts were mea-
sured for the methyl resonance of 2-methylindole on complex
formation with TNB, whereas downfield shifts were observed °

~for C-2. _Although downfield shifts were also observed for

~ C-3, these were too small to be used for a determination of K.
The paramagnetic shifts observed for C-2 and C-3 sug-
gest:that thekcharge—transfer,interaction makes a significant

contribution. - The greater sensitivity of C-2 over C-3 to the

charge-transfer interaction is consistent with earlier work.
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FIGURE 17. Plot of A vs A/[D]eq (after
convergence of K) for the system 2-Mel:
TNB in 1,2-dichloroethane at 35.0%0.5°,
using the methyl shlfts of 2—methy11n-—
dole-(methyl, 3)—

2.




93

Foster and Fyfe (31) have shown that H-3 of indole experi-
ences a greater upfield shift on complex formation with TNB
than does H-2. A possible explanation is that the charge-
transfer effect (deshielding for donors) is greater at H-2
than at H-3. As discussed in sectlon IT.C., paramagnetlc

C shlfts have also been reported for C-2 of naphthalene
and anthracene when complexed with TNB (35) and with o-chlor-
anil (39). These shifts have also been interpreted in terms
of the effects of charge migration.

The quield’shifts.observed.for~the.methy1'carbon of
2—methylindole on complex foimatiOn suggests that the ring
current effeot predominates‘these 13C shifts.

Although the relative orlentatlons of indole and TNB
have been .determined in the solld complex by X-ray crystal-
lography (see.(lQ)*for example),'there is not enough infor-
mation in‘these 13C results to postulate a-preferred orien-
tation in solution. ' The: orlentatlons (in solutlon) postu—
lated by. Sung and Parker - (32), although cons1stent with their

H results are, at best, difficult to apply to these 13C

results.

The 13C-nmr results suggest that 130 ohemical shifts

are much more sensitive to the effects .of oharge migration -
in EDA interactions than are 'H shifts. Thus 3C shifts
should provide a better insight into localization of charge-

.transfer in such interactions.
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C. A CARBON-13 SPIN-LATTICE RELAXATION TIME STUDY OF THE EDA
INTERACTION OF 2-METHYLINDOLE AND 1,3,5-TRINITROBENZENE

1. INTRODUCTION

Carbon-3 of 2—methylindolé‘waskexpected'to be over-
whelmingly relaxed by the dipolar interactibn with its bonded
proton. Since the dipolar relaxation mechanism depends on the
overall motion :of the molecule,'the‘Ti“of'this carbon should
be sensitive to the change "in' the rate:of molecular reorien-
tation due to complex formatidn;j Theiefore, the T, of C-3 of

2-methylindole was measured ‘as a function of the concentration

- of added TNB.

Since the viscosity Of the-mediumvwi11 also inflﬁence
the overall reorientation-rate'of”the'méiecule,cthe observed
decreases inATl (see Tablé‘9).must"beiinterpreted in terms of
both .complex formétion and.changeéxin'viscosity; The viscos-
ities of the solutionsrwere.determinédlfromua‘plot of the
variation of viscosity:as a function;of‘the“TNB concentration.

The relaxationnfimes were detérmined by.thé inversion
recoyery method which utilizes,a (180?—ti—90°—AT—PD) pulsé
seqﬁence. Variﬁtion of<ti gave a series of spectra (see Fig-
ure 18) showing the rate of recovery of the longitudinal mag-
netization after the 180° pulse. - The plots Of/ln(Ao—Az) vs
ti (see Figuré 19) illustrate the;effect of addition of TNB

on the recovery of the longitudinal magnetization of C-3 of

2—methylind61e.




TABLE 9.

of 2-methylindole as a function of the TNB con-
centration in 1,2-dichloroethane at 35°.

Spin-lattice relaxation times for C-3

[2-MeI]2 [TNB] 2 n(ep)® T, (sec)®
0.100 S— 0.684 6.6
0.099 0.101 0.72 5.2
0.100 0.360 0.81, 3.8
0.102 . 0.365 0.81, 3.6
0.100 0.555 0.88; 3.1
0.100 1.153 1.13, 2.15
0.103 1.588 1.344 1.7,

aInitialkconcentrations in mol(kg solvent)_l.'

bViscosity in centipoise at 35.0°.

“The observed spin-lattice relaxation times for C-3
of 2-methylindole-(methyl,3)-17¢C

2°
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5.0

8.0

FIGURE 18. Spectra obtained by the inversion recovery
method for the determination of Tl for C-3 of 2-methyl-
indole-(methyl,3)~"7C, (0.100 molal) in 1,2-dichloro-
ethane at 35°. Variation of t, in the (180°-t ,-90"-AT-
PD) pulse sequence give the series of spectra showing
the rate of recovery of the longitudinal magnetization.
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FIGURE 19. Plots of 1n(AO—AZ) vs ti for
C-3 of 2—methyiindole—(methy1,3)—1302 (0.
molal) in 1,2-dichloroethane at 35°, (a)
with no TNB and (b) with 0.555 molal TNB

added.
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The nOe factors (see Figure 20 for an example) measured
for all solutions were within experimental error (20.2) of

the full nOe (1.988).

2. METHOD OF ANALYSIS OF K

Assuming that the fates of chemical exchange are
Siéw relative to the rates of molecular reorientation, the
observed_spin—lattice relaxation rate, 1/T1, is a weighted
average of the spin—lattice relaxation rates of the free and
complexed molecules (61), 1/TD and 1/TAD. For the 1:1 com-

plex

1
(1-a) + — (a)

1 D AD

1
T

53]

5| -

If the spin-lattice relaxation rates of the free and
complexed molecules vary linearly with the macroscopic vis-
cosity, n, at:a constant temperature — as would be expecfed
if Tl is dominated by dipolar relaxationf- then they may éas—
ily be corrected to account for viscosity changes which are
affecting the observed'Tlﬂ If‘no is the viscosity of the

reference solution (the one containing no TNB), then

1 ( [AD]\ n [AD] n
[61] — =11 - — +
T, [DLJTDHO D1, TapN,

Rearrangement of the equilibrium constant expression

[AD]
[Al_, (D] -[AD])

[62] : K =
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nOe = 1.97

128 mm

43.1 mm

_ NUNWA

(a) (b)

FIGURE 20. Determination of the nOe for C-3 of
2—methylind01e—(methy1,3)—1302 (0.100 molal) in
1,2-dichloroethane at 35°. Spectra were obtained

with (a) continuous proton decoupling and (b) the
decoupler gated on only during the observation
pulse and data acquisition, using a pulse delay
of ca. 1OT1 in both cases.
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yields

[AD] = K[D] - KI[AD] .
[Alog — ©

[63]
Solving for [AD] in [61] and substituting into [63], followed
by simplification yields '

1 1 1
[64] , ( lo _ ) [-' = -K Mo + K ——

nT; T, A]eg nT, Tap

.

A plot of the left hand side of [64] vs no/nTlAWill give a
straight line with a slope of -X and y-intercept of K/TAD.

The equation

_ K [AlogIDl,

[65] [A] = [A]
. ) s 1+K[A]eg

eqg
is arrived at in the same manner aS-[60];

Equations_[64j and [65] were used in the same way as
[56] and [60] to obtain K; again using a method of sucoeésive
approximations. |

The APL\360 computer program.fEDA"(see‘AppehdiX B) was
written to perfoim thé iterations, .calculations and least-
squares-fit required in the above'operation.

Analysis of thewdata yields a value for K of 2.38 (kg '
solvent)mol™? or 2.1y (kg solution)mol_lf"The correlation
coefficient for this data, plotted in Figure 21, was 0.965.
Although the value of K is somewhat larger than the K deter—
mined by chemical shifts, it is reasonable considering the

assumptions made in this treatment.




101

0.30

17T,

Cll()'- ' | [0

FIGURE 21. The data of Table 9 plotted accord-

ing to equation [64] after convergence of K.
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3. THE ASSUMPTIONS INVOLVED IN THE DETERMINATION
OF K FROM Tl DATA

Equation [64] has been derived on the assumption
that the spin-lattice relaxation rates of both the free do-
nor and its EDA complex, 1/TD and l/TAb’ ére directly propor-
tional to the macroscopic viscosity of the solution;

The spin-lattice relaxation rate;of'thevpure complex,
1/TAD, would be virtually imposéible to study as a function‘
- of viscosity since thevcomplex-would dissociate to some de-
gree in:the"solvent.- However, the spin-lattice relaxation
rate of Q—S-of free~2—methylindole,v1/Tb, has been shown to
vary directly with viscosity'(tO‘be discussed in section 1V.
E.). Therefore, the:assumption‘that:the:spih—lattice relax-
ation rate of this same_carbon'infthe pure‘complex, 1/TAD,
- would aisd vary“linearly'with.viscosity_seems reasonable.

For someAsyStéms,-when one'compohenf'is in large excess;
termolecular compléx'fbrmafion'hastbeen'detected-(4); howéYer,

several studies (31, 32, 70)~betweeh indoles and TNB under

these conditions ‘have been'interpreted:successfully in terms

of 1:1 domplex formation. Since, on the average, a smaller
excess of the major component was used in this study, a bi-

molecular treatment seems justifiable. -

Finally, the entire treatment is based on the assumption
of slow chemical exchange. The appropriateness of this as-

sumption will be discussed fully in section IV.D.
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4. T, IN THE PURE COMPLEX

The y-intercept obtained in the plot of the data
according to [64] gives K}TAD.' The spin-lattice relaxation
time for C-3 of 2-methylindole in the pure complex (at the
reference Viscosity,,néjjmay be obtained without recourse to

a doubtful extrapolated intercept by rearrangement of [64] to

- (1/Tzp-1/Tp) [A] og 1

eq (ng/nT;-1/Tp) . K

[661] A}

which has a slope of (1/T, -1/T,).

This equation is not sensitive to .experimental error in
K for the range of,concentrationsremployed in this study.
For éxample, when the calculations were performed manually
using K values of 1.5; 2.0 and 2.5 (kg,solvent)mol—l to solve
for [A]eq , TAD values of 2.95, 2.97 andv2.98 sec. were ob-

tained on least-squares-fitting the data to [66].

[+

5. EFFECTIVE CORRELATION TIMES

.Aésuming that the overall reorientation of the
moiecule can be desCribed by oneleffé¢tive molecular correla-
tion time, Té, [32] cén’be uééd téﬂcalculate correlation
times in the motional narrowing region under conditions of
complete proton decoupling. |

Since the:nOe.is considered to .be full, TD = 6.6 and
T = 3.0 sec represent the dipolar spin-lattice relaxation

AD
times of free 2-methylindole and its TNB complex.
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Using 1.088 as a reasonable bond length for C(3)-H of

=12 ,nd 14.7x10"%? sec

2emethylindolé (71), values of 6.7x10
were calculated for the effective correlation times (at 35°
and 0.686 centipoise) of 2-methylindole and its TNB complex
respectively. As .expected, the reorientation of the larger
rotating unit (the complex) is substantially slower.

The semiiog plots of Tl and T2 as a function of T, for

the CFT-20 nmr spectrometer (Figure 22) show that the "mo-

tional narrowing" assumption was valid. These plots, as well

as that of nOe vs 1, (Figure 23) were obtained by using the -

expressions in Doddrell et.al. (48). The Tl expression is

also given by [31] in this thesis.

6. DISCUSSION OF Tl VALUES

Since the nOe's measured are within experimental
error of the full nOe, the dipolar reiaxation mechanism com-
pletely dominates the relaxation of C-3 6f 2-methylindole.

The approXimat;_distances from C—3.to-the nearest mag-
. netic spins-tﬁe'bonded proton, the methyl protons énd the

enriched methyl carbon- were determined from a scale diagram

of 2-methylindole (see Figure 26).

H
Lry
CE—26—rH
N
\ 2.5\ /
Cx
N \H
H
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TC(SEC)

FIGURE 22. The dependence of T; and T, on
" 13

T, for the dipolar interaction between a

C
nucleus and its bonded proton (bond length
1.08&), under .conditions of complete proton
decoupling, where wH=79.54X106 rad/sec and
C=2o.oox106 rad/sec at 18.682 kG.
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nOe

0" v‘ I()—m To 10~
T, (sec)

FIGURE 23. The dependence of the nOe on T,
for the CFT-20 nmr spectrometer (see the con-
ditions given in Figure 22).
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The contribution of the dipolar interaction of each of these

nuclei with C-3 was then calculated as follows:

1 +2y2 3\ 24
167] 1 Z A - +(_) —Ye ..
T r6 2] 16
. 1 C-H : c-C

0.152 + 0.0078 + 0.000094 sec .

Therefore, due to the r_6 dependence .of the relaxation rates,
the intramolecular nonbonded dipolar interactions may be ig-
nored. It is reasonable to assume that intermolecular di-
polar interactions will be insignificant as Well.

The contribution due to dissolved oxygen (72), 1/T§,z,
0.01 sec—l, has been eliminated by vacuum.degassing and seal-
ing the nmr samples.

Although the inversion recovery method for determining
Tl is not very sensitive to errors in the flip angle (72),
the pulse width (PW) of the spectrométer was calibrated by
observing the peak intensity as a function of PW (see Figure
24). Considering the peak height to be proportional to the
magnetization, the tﬁull_repfesenting-the 360° pulse was used
to get the PW for the 90° and 180b pulses.

The drop-off in the pulse power for nuclei far off-res-
onance was not crucial in this study since the Tl of only
one 13C nucleus was determined. - Therefore, the transmitter
was set near the resonance frequency of this nucleus to prb—
vide maximum pulse poWer.

Errors in peak height measurement, and therefore in Tl

will be reduced as the number of scans, N, ‘increases, the S/N
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10,

22

46

FIGURE 24. Pulse width calibration for the CFT-20
nmr spectrometer with neat t-butyl alcohol (locked
onto D,0 in a coaxial tube). o
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increasing with vN. However, due to 13C enrichment, good
S/N was obtained with a small number (fifty) of scans. The
FID's were weighted to increase S/N further.

The Tl's were determined to be reproducible to ca'. 3%
by running a paticular sample several times. This, together
with the fact that there was minimal scattering of fhe data
as seen in the magnetization recovery plots (see Figure 19)
is consistent with insignificant changes in instrument reso-
lution, Sensitivity, temperature, etc. over the course of
the experiment.

Although fhe error in the'Tl's is not known, the values
are‘probably no better than the usuaily repqrted accuracy of

+5-10% (72, 73, 74).

7. CRITICISM OF THE METHOD

It is impossible to estimate the error in K deter-
mined by the-Tl method due to the uncertainty about the accu-
racy of the Tl’s. Due to the assumptions of this method and
the large errors usually associated with Tl's, determination
of association ébnstanfs by this method would generally not
prove as reliable as a determination of K from more accurately
measurable chemical shifts.

However, in certain cases where the nucleus under obser-
vation is in a small molecule being complexed to a much lar-

ger molecule, this method could be the method of choice.




D. MOLECULAR DYNAMICS OF 2-METHYLINDOLE:1,3,5-TRINITRO-

BENZENE COMPLEX FORMATION

1; EXPERIMENTAL DEPENDENCE OF Tl'ON'FRACTION COMPLEXED

In the region of motional narrowing and under con-
- ditions of complete proton decoupling, the dipolar relaxation

fate, which completely dominates the relaxation of C-3 of

2-methylindole, is given by

1 ——

B_.. 1
dip c
T 1 .

[68]

where Bgip= ﬁzy Y /rc —H and is evaluated using r=1.08% as
the C-H bond length involved (see equation [32])

The experlmental -dependence: of. T of C-3 on the fraction
of 2—methy11ndole complexed (see Table 10) was determined by
measuring the T ‘as a funct;on4of the ‘amount of TNB added.
The fractlon complexed o, was calculated from the original
concentrations .and the average éqq}librium constant of 1.3
(kg solvent)mol_l,'obtained_frbm the 13C chemical shift stud-
ies of C-3 andithe methyl carbon of 2-methylindole.

The points in Figure 25 show the observed Tl, corrected

- to the reference viscosity, as a function of the fraction

complexed. The reference viscosity chosen is that of the
" solution coﬁtaiﬁing no TNB. |

A Tl deter@ihation_with.a 0.18 molal solution of 2-meth-
ylindole containing no TNB indicated that a éoncentration

change at these low concentrations does not affect'Tl.
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TABLE 10. Spin-lattice relaxation times for C-3
of Z2-methylindole as a function of the fraction

comp 1 exed S
[2-MeI]2 {TNBjj n(ep)® T, (sec)® a?
0.100 ——  0.68s 6.6,  0.00
0.099 0.101  0.72, §.16 0.106
: 0.100 0.360°  0.81, 3.7, 0.300
0.102 0.365  0.81, 3.5, 0.303
: 0.100 0.555  0.88, 3.1, 0.401
©0.100 1.153  1.13, 2.1, 0.587
0.103 1.588  1.34, 1.7, 0.664

B -]

@Initial concentrations in mol(kg solvent)_l.

bViscosity in centipoise at 35.0°.

2°

. °The T, for C-3 of 2-methylindole-(methyl,3)-'7c

dThe fraction complexed as calculated by the program.
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2. THEORETICAL DEPENDENCE OF DIPOLAR RELAXATION
TIMES ON FRACTION COMPLEXED

As discussed in section II.D.5., the dipolar T, of
a nucleus undergoing éxchange between the free and complexed
state, will depend on the rate of reorientation of the free

molecule, k and the pure complex, k as well as the rate

1’ 2’
of.association, k3, of the molecules and the rate of dissoci-
ation, kg; of the complex. /

Using the equations of Anderson and Fryer (see [52] and
reference 61) the 13C dipolar relaxation rate can be written

as a function of the rate constants and the fraction com-

plexed,

. 1 \
[69] —T—l = Bdipf(kl’kZ’k3"E4’o‘)'

- Using this relationship, the Tl can be.calcﬁlated as a func-
tion of the fraction complexed for a given_sét of rate con-
Stants. |

Thg»average equilibrium constant of 1.3 (kg solvent)
m01~1, deﬁermined from 130 chemical shifts for the 2-Mel:TNB
system, allow a'substitution‘to bé made for k3, since K =
k3/k4. The fate of reorientation of the free 27methylindole,
kl’ was édlculated frqm the"correlation timé which, in turn,
was calculated from the Tl'of 2—methy1indole containing no
TNB, ie. k1= (Tc)—l. In this way the Tl expression has been
reduced to an equation containing two unknqwns, k2 and k4.

The computer program 'QUADEX' (64, 75), modified for

13C dipolar relaxation and to take into acéount the effects
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of viscosity on experimental Tl's (see Appendix C), was used
.to-generate a series of theoretical curves using [69],.és de-
scribed below. The theoretical éurve (see the solid line in

Figure 25) best-fitting the experimental points was then de-

termined, also as described below.

‘3. . THE RATE CONSTANTS FOR THE 2-MeI:TNB SYSTEM

With the program 'QUADEX' the molecular corrélation

time of the pure complex, (1)

ap’ is calculated for a given

value of TAD.ﬁtilizing [68].. The rate of réorientation‘of
the cdmplex,vkz,'is then calculated according to k2= (Tc);;.
A series of theoretical curves (see [69]) are now calculated
for a given value of kz (or'TAD) by varying k4 to cover the
range from slow chemical exchange relative to the rate of re-
orientation of the complex (gg.'k4/k2= 10_5) to fast exchange
(k,/k,= 10?). The program selects the curve which best fits
the expefimental‘data. » | |
As T, (or ké)~is varied, a set of best-fitting theore-

tical curves are produced, one for each value of T,p- A mea-

sure of the deviation (calculated by the program) of each of
these curves from the experimental points indicates which

value of TAD provides the best fit without actually plotting

any of the curﬁes.

On plotting the best-fitting curves for TAD values of
2.2, 2.3,%+++, 3.2 sec, it was found that fivé'of the theo-
retical curves were so similar that the selection of one of

these over the others seemed arbitrary. Therefore, the pa-
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FIGURE 25. The dependénce of Tl (corrected for
for the effects of viscosity) of C-3 of 2-methyl-

indole on the fraction complexed, showing the

experimental points and the theoretical curve

providing the best fit.
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rameters (k2, k3 and k4) obtained from these five curves were

averaged. The data are summarized in Table 11.

TABLE 11. Relaxation times® and rate constants?
for complex formation of 2-methylindole with
1,3,5-trinitrobenzene.

T 'TAD kl ) k2 ks kK,

6.6 2.4 . 150 55 18 14

a . . . .
Relaxation times are reported in sec.

bAll rate constants are reported in nsec_l.

.Several conclusioﬁs'may be drawn from these results for
- the 2-MelI:TNB system. Thevoverall rofational motion of 2-
methylindole decreases considerably due to~cqmp1ex_formation
(kl/k2~'3); The,rates_of dissocia%ion and;asSociation of the
complex, k4 and’k3; are siowerAthan'the rate of reorientétion
of the complex, k2, and consequently much slower than the
rate of reorientation of free 2—méthylindole, kl' |

The‘lifetime.of the complex, (k4)—1, is therefore longer
than the correlation time for rotational motiop of the comf
plex. This means that the complex experiences coﬁsiderable
rotatiénal mbtion prior to dissociation.

Analysis Qf”the theoretical curves shows that the best

fits with the experimental data were obtained for an average

-exchange rate, relative to the rate of reorientation of the
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complex, of k4/kj~10_1. Comparison with thé hypothetical
cqueé presented by Anderson and Fryer (61) shows that the
.system under investigation is best approximated by an inter-
medi?te_rate of exchange. - This conclusion'is~substantiated
by ‘an examination of a series of theoretical curves. The
curves fof very slow exchange rates (ké/k2= 10_5) generally
give pbor fits to~the‘experimental,data; as do curves where
k,/k,>1.0.

In the limiting case (k3,k4<<kl,k2) for slow exchange,
_the equation relating Tl to the fractién complexed simpifies
to

. 1
(1—.-@) + T (a).

1
[53] . =
' 1 AD

1
T,
For the 2-Mel:TNB system k3'and k4 may not be small enough
relative to kz-to allow such a simpiification Without intro-
ducing some error. Therefore,.the usé of the "slow exchange"
approximatién-for this systém may . introduce séme error into
the determinafion.qf the ‘equilibrium conétant (see'section
IV.C;) byjl3C spiﬁéiattiée ielaxatioﬁ‘times.

4. T, IN THE PURE COMPLEX

As.given:in'Table 11, the average‘yalue for Tl of
'C-3 of 2-methylindole in théapure complex, obtained by fit-
ting the*theoietical curves to the experimental data, is
2.4 sec.
‘Fer a previous treatment of the data under the assump-

" tion of slow éxchapge~(see equation [66]), a value of 3.0 sec




was .obtained. The reasonable agreement of the TAD values

indicates that a large error is not introduced in the 1attér

treatment, even though the exchange rate, k4/k2, is éa. 10—1.
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E. SPIN-LATTICE RELAXATION AND HYDRODYNAMICAL ROTATION
OF 2-METHYLINDOLE N ‘

Several hydrodynamical models of molecular reorienta-
tion were investigated in order to provide some insight into

the rotational behaviour of 24methylindole in solution.

1. ISOTROPIC REORIENTATION

‘The simplest way of treating the reorientation of

this molecule is through the .application of the Stokes-Ein-

stein model (53) Which considers the mblecule as an isotropi-
cally rofating sSphere. -

The sum of the van der Waals volume increments (54) of
all the atoms in this molecule is 126.83?. Assuming that |
this is a good approximation of the molecular volume, V, the
radius of the sphere, a, was‘calculatea to be 3.12&. The
Stokes-Einstein modei then describes the effective molecular

correlation time as

[45] Tg = — = —— = 20.5 psec,

Since there is a large disparity with the experimental value

of T, = 6.7 psec. calculated from [32],<this model is inade-

quate in approximating the reorientational behaviourbof‘z—

methylindole in 1,2-dichloroethane.
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2. ANISOTROPIC REORIENTATION

(a) Determination of theﬁGeOmetry

Since T, is a function of the.geometry of the molecule
(in addition to the viscosity of the medium aﬁd'the temper- T
ature), a bettér apprbximafign'of the molecular geoﬁetry is o
necessary to -improve the theoretical t_ values. Construction

of a space-filling model indicated that 2-methylindole may

be -approximated quite well by an oblate spheroid. Using the

van der Waalsyradius of carbon, 1.7&,-as a good approiimation
of the minor axis, c¢, (19, 58) and assuﬁing the_molecular |
volume to be 12648§3, the major axisj;:a, is calculated to be
4.228. |

A scalé diagram, using the bond lengths and angles of
L—tryptophan hydrochloride (76) determined in the solid phase
by X-ray cfystallograbhy; shows that 4.22K‘may be somewhat
small for the radius of the major axis. If thé molecule is
considered to extend one (proton) van der Waals fadius (1.45&) ;

beyond the periphery of theAmethyl protons; then -a=5.55% is

an upper 1imit.tq this radius (568). Thereforé, a=4.9+0.54%

was considered to be a good approximation.

(b). Application of Boundary Conditions

Using this geometry forf2—methylindole, different bound-

ary conditions were now applied for molecular reorientation

of this molecule.

Under the stick boundary conditions - which assumes that

the solvent sticks to the surface of the rotating solute and
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rotates with the solute -the rotational friction coefficients
are calculated (according to [46] -and [47]) in terms of the
geometry of the molecule and the viscosity Qf the medium.
Rotation of the symmetry axis (see Figure 26) will broduce a
significanf amount of friction as quite a large volume of
solvent is being displaced. Hoﬁéver, rotationbabout the sym-
metry axis produces 1e$s friction since little solvent is be-
'ing_moveq. The effective molecular correlation times were
calculated .according .to .[49] at several viscositiés. A least-
squarés—fit'of this data to [50] gave a viscosity dependenée,
Cspick» OFf 19.7 nsec’K/cP. |

Under slip boundary conditions the solvent.is considered
to slip by the surface of the rotating molecule. - For this
‘-éondition c3é 0 (see . [46]) since rotation about the symmetry
axis ofuanfobléte spheroid.does_not-displace any fluid. §l=
§2=gslip can_be obtained for the particular_geometry from the-
data provided by'Hu'and'ZWanzig,(SQ).: The effective moleéu-
lar correlation time for the slip conditioh becgmes
Csiip

kT

[70] Tslip =

since the second term of [49] becomes negligible. Calcula~
tion of Tsiip for 2-methylindole at several viscosities gave

a viscosity'dependence, Cslip’ of 2.13 nsecoK/cP.




FIGURE 26. 2-methylindole within a
circle of radius 4.913, (@®@= carbon,

O= nitrogen).
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e (¢c) Determination of the Experimental Viscosity

Depehdence of T,

(i) Variation of Temperature

Since the viscosity range in the study of complex
formation of 2-methylindole with TNB (see Table 9) is 0.686-
1.346 centipoise, the viscosity study had to be made over
this range to check whether 1/TlOc n as assumed in [64].

The Tl data obtained for C-3 of 2-methylindole as a .

function of;the temperature are summarized in. Table 12. A
linear relationship between'l/Tl-and n was obtained as shown
in Figure 27.

The viscosities of the solutions were obtained from the
literature viscosity data for'1;2—dichloroethane at various
temperatures (77). It is assumed that the small amount of
2-methylindole (0.100 molal) and the use of 50% 1,2-dichloro-

“ethane-d, ‘in the solvent?(for.nmr'lock purboses) would not

4
significantly.affect the results.

The effective molecular correlation times were calcu-

" lated from

L
[32] T = 3 To
1 rC—H

using 1.084 as the C-H distance.

A least-squares-fit of the data to T,= Cn/T gives the
experimental viscosity dependence of T, as Cexp= 3.46 nsec°K/

cP, with a correlation coefficient of 0.995.
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TABLE 12. The viscosity dependence of Tl (and
therefore 1_.) of C-3 of 2-methylindole deter-

mined by temperature variation.

° ‘ 'l
Temp( C) n(ck) Tl(sec)a T.(psec)
35.0 0.68;4 - 6,37 6.92
24.2 - 0.79, 5.1; 8.56
10.5 0.95, 4.3, 10.25
- 1.5 1.14, 3.1, - 14.13
-12.1 1.36, 2.4, 18.06
-22.0 1.62, 2.1, ‘ | 20.99

aSpin-lattice relaxation times for C-3 of 2-
methylindole—(methyl;3)—1302 determined with
a 0.100 molal solution in 1,2-dichloroethane,

50% of which was 1,2—dich10roethane—d4.
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(ii) Variation of the’Solvent System

- Variation of the viscosity (detefmined experimen;
tally) over the désired range was also accomplishéd by using
different mixtures.of‘1,2—dich10roethane‘and‘1,1,2,2—tetra;
chloroethane as .the solvent.

1,1,2,2—tetfachloroethane:Was'the solvent chosen since
its dielectric constant (€=7.83 at 25°) matched fhat of 1,2-
dichloroethane (€=10.13 ét 25°) reasonably well (78),,it,ﬁro—
vided the neCeséafy.range in viscosity (77) (n=1.389 :cP at-
35° for this solvent), and it is sfructurally similar to 1,2-
dichloroethane. The.changes in the solvenf'should therefore
be minimal due tO’mixing 6f this component with 1,2-dichloro-
ethane.

The Tl's of.C—S of 2-methylindole determined in various
mixtures of the two solvents at 35 are summarized in Table
13. A linear pe1ationship between 1/Tl'and n was obtainéd
as shown in Figure 27. | |

The correlation times, éalculatedﬂas:in the previous
section) show a viscosity dependence of Cexp= 3.96 nsecoK/cP

with a correlgtion chfficient of 0.996.

v

(d) Comparison of Experimental Data with Theory

Comparison .of the experimentally determined viscosity
dependence-ofithe molecular éorrelationAtime with the results
of the slip and stick-treatments-(see'iable 14 and Figure 28)
indicates that 2-methylind01e-rotates with near slip condi-
tions in 1,2-dichloroethane. This reorientation Will disturb

the least amount of solvent and will therefore show a smaller
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TABLE 13. The viscosity dependence of T, (and
therefore 1_.) of C-3 of 2-methylindole deter-

b

[2—Mé1]a . Xtetra ..3(99),AA,.J(sepjé.Tc(Psec)

0.100 - 0.00 0.69, 6.3, 692 | 1
0.096 :0.245 0.86; 4.8,  9.16

' 0.098 0.495  1.04, 3.7,  11.88

0.091 0.71, 1.21, 3..10 14.22

0.097 . 0.98;, 1.445 2.6, 16.39

®Molal concentration of 2—methylihdolee(methy1,3)41302.
'bMole—fraction‘of 1,1,2,2—tetrachloroethane.

cSpin—lattice relaxation times for C-3 of 2-methyl-

~indole in various mixtures of 1,2-dichloroethane

-and 1,1,2,2-tetrachloroethane. -
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IFIGURE 27. Viscosity dependence of 1/T1 of .C-3
of 2-methylindole determined by (a) variation of
the temperature and (b) the use of mixed solvents
at a constant temperature of 35°. \
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~TABLE 14. Summary of the viscosity
dependence, C, of 1, '0of 2-methylin-

dole.
C (nsecoK/cP) T, (psec)?
Stick 19.7 43.8
Exp? 3.71 6.7
Slip 2.13 4.8

2Correlation times at 0.686 cP. and 35°C.

bThe average C_,

p Obtained by the two methods.

viscosity dependence and faster rate of reorientation. The
stick boundary condition predicts too much friction to rota-
tion and therefore shows a very high viscosity dependence.

The solvent, 1,2-dichloroethane, is not expécted to interact.
strongly'with 2-methylindole since it will not hydrogen-bond
to the solute. Therefore, the amount of "stick" is expected

to be minimal, which is in agreement with what is observed.

(e) Application to the TNB complex of 2-methylindole

If the interplanar distance of the components in the
complex is similarvto that reported (19) for the 3-methyl-
indole:TNB complex, ie. 3.30§, then the minor axis can be
calculated to be cé. 1.7 + 1.65 = 3.354. Assuming the same
relative orientation of donor and acceptor as repérted (19)

for the 3-methylindole:TNB complex, 4.9% is still a reason-
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FIGURE 28. Comparison of theofetical viscosity
dependence (Cslip'.and Corick) With the experi-
mental (Cexp) for 2-methylindole.
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able approximation for the major axis.

With this geometry, the slip and stick boundary condi-
tions were applied to the hydrodynamical rotation of the
tight complex. The theory predicts viscosity dependences of
26.7 nsecoK/cP for C5ticx and 0.53 nsecéK/cP for Csiip (see
Table 15). Thus, the theory predicts léss viscosity depen-
dence for the pure complex than for the free 2-methylindole
under slip'conditions. This is expected since‘the rotation
of the stmetry axis of the complex (approximated as an ob-
late spheroid) will not move as much solvent as will the
same reorientation in the free 2-methylindole, since the com-
plex is approaching 'sphericity" in comparison to the free

donor.

TABLE 15. Comparison of data, theoreti-
cal and experimental, for hydrodynamical
rotation of the 2-Mel:TNB complex.

C (nsecoK/cP) | Tc-(psec_)a

Stick 126.7 59.4
Exp N 14.7
Slip 0.53 1.2

aCorrelation-timeS‘at 0.686 cP. and 35°C.
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Although, as mentioned previously, the experimental
viscoSity dependence of the pure complex cannot be deter-
mihed, the effectiﬁe molecular correlation time for the pure
complex'has been.obtained expefimentally. The correléfion
times (see Table 15) show that the theory does'not check
very well with thé experiméntal result. This may be due to
errors in the assumed geometry of the'coﬁplex. In any case,

further work 'is necessary . in this area.
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VI. APPENDICES

A. 'SHIFT'
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The APL program 'SHIFT' was used in the determination

of equilibrium constants from chemical shift data, providing

the user with a choice of two concentration scales.
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B. 'EDA'

The APL program 'EDA', offering the user a choice of two
concentration scales, was used in the determination of equi-
librium constants from Tl data. The program was also used in
the determination of Tl in the pure complex.
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'QUADEX"'

The Fortran program 'QUADEX' was used in the determina-

tion of the molecular dynamics of complex formation.

ot
OSCWwoO N PTWMN

4\:bbbuuwwuwwwwwmmwmmmmmmm*—"—-'—‘ww'—"—-'—'—‘
-C\wNPO\Dm\IO\mwaHO\DmNO\U'I-L‘(A)Nl—'O\OOD\IO‘U\#\UN'—'

001
0005
0006

0011

0015

0016
0017

o018
0019

0020
0021

0022
0023

0024
0025

0026
0oz27

D028
0029

0030
0031

0032

DIMENSION K4(100)sD(10)sA(10)sTDEXP(10)4v(10),
TDEXPV(10),
ITTHEO(105100)4TDIF(10,100) yDEVN(100) 4C(50)

TCALC(50)
DOUBLE PRECISION K1l sK2sK39K4 s PsLM9yQP4QMyKP KM
REAL K
1E=S
Is=6

READ (TEs001)K14BDIPsKs TDCOMP 4Ny ITER
FORMAT (2E11.442FB.4,5213)
DD 0005 I=14N

READ (IEsO0006)TDEXP(TI) +D(I)4A(I)aVI(I)
FORMAT (4F8.4)

VIS=v(l).

DO 0011 I=24N
TDEXPV(I)=TDEXP(I)#V(I)/VIS
DO 0007 J=1+1ITER
K2=TDCOMP=#BDIP

DO D008 L=1,81
IF(L-9)001540015,0016
Ka(L)=0.00001#L%¥K2

GO 70 0033
IF(L-18)0017,0017,0018
Ka(L)=0.,0001%#(L-9)%K2

GO TO 0033
IF(L-27)0019,0019,0020
K& (L)=0,001%(L-18)%K2

GO TO 0033
IF(L-36)0021400214+0022
Ka(L)=0.01%(L=-27)#K2

GO T0 0033 _
IF(L-45)0023,0023,0024
Ka(L)=0.1%(L-36)%K2

GO TO 0033
IF(L=54)0025,0025,0026
K4 (L) =1%(L-45)%#K2

GO TO 0033
IF(L-63)002740027,0028
Ka (L) =10%(L-54%) *K?

GO TO 0033
TF(L=-72)0029+,0029,0030
K& (L) =100%(L-63) *K2

GO T0O 0033
IF(L-81)0031,0031,0032
Ka(L)=1000=(L~-72) *K2

GO TO 0033

GO T0 S00




45
46
47
48
49
50
51
52

53

54
55
56
57
58
59
60
61

62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78

79
80

0033

0009

0010

0014

0008

0013

00le

800

801
802
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DO 0009 I=2sN

ALFA=K¥D (1)

BETA=-K#D(I)-K*A(1)~-1.0

GAMA=K*A (1)
C(I)=(-BETA-SQRT(BETA%*#2-4«ALFA#GAMA) ) / (2*ALFA)
F=A(T)-C(I)#D (1)

K3=K#*K4 (L)

LP=0.5% (K] +K2+K3%F+K4 (L)) +0,5#DSQRT ( (K1 +K3%F-K2

=K&4 (L)) ##2+48K38F #K

14 (L))

LM=0.5% (K1 +K2+K3%F+K4 (L)) =-0.5*DSQRT ( (Kl+K3*F-K2
' “K&4 (L)) ##24+4%K3#FuK

14(L))

KP=K&4 (L) / (LP~K1~K3#%F)

KM=K&4 (L) /7 (LM~K]1~K3%#F)
QP=(KP=1)#(1=-(1~-KM) #C (1) )/ (KP-KM)

QM= (1-KM) * (1= (1-KP)#C(I))/ (KP~KM)
TTHEO(I4L)=1.0/(BDIP#((QP/LP)+(QM/LM)))
IDIF(I4L)=ABS(TTHEO(I4L)-TDEXPV(I))*100
DEVN(L)=TDIF (2,L)

DO 0010 I=3,4N

DEVN (L) =DEVN(L)+TDIF(I,L)

SUM=0,0

DO 0014 1I=24N

SUM=SUM+TDEXPV(I)

DEVN (L) =DEVN(L) /SUM

CONTINUE .

SMIN=100000

DO 0012 L=1,81

IF (DEVN(L)~SMIN)0013,0013,0012

MO=_

SMIN=DEVN (M0)

CONTINUE

RATIO=K4 (M0D) /K2

WRITE (IS+B00)SMINIRATIO KA (MO) 9K24K1
WRITE(IS,801)TDCOMP :

WRITE(IS+B02) (C(I)sTTHEO(I9yMO) s TDEXPV (1) 9I=24N)
FORMAT (30HIDEVIATION FOR.BEST FIT DATA sE1ll.4

. : 7/7/60H RATE oOF
1EXCHANGE RELATIVE TO RATE OF ROTATION OF COMPLEX .,

E1l.4/7//35H RATE

10F DISSOCIATION OF COMPLEX 'E11.4/7//35H RATE OF

ROTATION OF

1COMPLEX  ,E11.4///35H RATE OF ROTATION OF FREE

MOLECULE »El1.4)

FORMAT (///15H TD OF COMPLEX 1F8.4)
FORMAY (///60H FRACTION COMPLEXED TD THEOR
(BEST-FIT)

TD




81
82
B3
B4
85
86
87
88
89
90

91

92
93
94
95
96
97
98
99

100
101
102

1000

900

o007
500
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1EXPV 77 (BXsFB.b4y12XsFBety12XyFBaa))
ACC=0.10

DO 1000 1=1,27

ALFA=K®#0,10

BETA=-K#0,10-K*ACC=-1,0

GAMA=K#ACC
C(I)=(-BETA-SQRT(BETAx#2-4%A FA%*GAMA) )/ (2%ALFA)
F=ACC-C(1)#0.10

L=M0O

K3=K4 (M0) #K
LP=0.5#(K1+K2+K3#F+K&4 (L)) +0.5%DSQRT ( (K1 +K3#F~-K2

~Ka (L)) ##2+44#K3#F &K
l14(L))
LM=0.S*(K1+K2+K3*F*K4(L))-O.S*DSQRT((K1+K3*F-K2
“K4 (L)) #ru2+48K34F 2K

14(LM

KP=K4 (L) 7/ (LP=-K1~K3%F)

KM=K&4 (L) / (LM-K1-K3%F)
QP=(KP-1)*(1-(1—KM)*C(I))/(KP—KM)

QM= (1~KM) # (1= (1-KP)#C(])) /(KP-KM)
TCALC(I)=1.0/(BDIP#((QP/LP)+ (QM/LM)))
ACC=ACC+0.,10
WRITE(IS,900)(C(I),TCALC(I),I=1,27)

FORMAT (35H]1FRACTION COMPLEXED TD THEOR 7/
(8X,F8.498X1F8.4))

TOCOMP=TDCOMP+0.10
STOP
END




