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ABSTRACT

A. Two anhydropolyhydric alcohols, 1,4-anhydroerythritol and 1,4-
anhydrothreitol, were synthesized froﬁ the corresponding tetrétols via acid
catalyzed dehydration, under vacuum, using H+ cationic ion exchaﬁge resin.
Comparison of temperature dependent 13C NMR chemical shifts in aqueous and
non-agueous solvents demonstrated a significant molecular association inter-
action between 1,4-anhydroerythritol and water. Further experiments showed
a dependence of the 13C NMR chemical shifts of 1,4-anhydroerythritol on
aqueous salté. A specific interaction between NHZ and 1,4-anhydroerythritol
was proven by varying the salts.

The stoichiometry of the interaction between 1,4-anhydroerythritol and
solvent or solute (water or aqueous NHZ) was determined by nonlinear regression

13C NMR chemical shifts through variation

ahalysis applied to data obtained from
of temperature, solvent activity, and solute activity.

The techniques of thermodynamics wefe used to calculate, at various
temperatures, the activity coefficient of a strong 1l:1 electrolyte in aqueous

solution. A computer program to determine the activities, (c, T,

a
HZO

aNH cl (c, T), as functions of concentration and temperature from various
4

thermodynamic functions tabulated in the literature was constructed.

A general model with undetermined stoichiometry was constructed for
the dependence of the 13C NMR chemical shifts upon temperature and the acti—
vities of the two ligand species. The stoichiometry and ffee energy values,
which optimized, in a least squares sense,the agreement with the data, are

given as
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R S (1) » +(2) + (3) » (4)
E JE.D, 0 JE.ND,T L E.ND.D0 T & E.2D,0
AG(l) = .35 kcal/mole
2
AG( ) = 1.3 kcal/mole
(3) _
AG = 3.3 kcal/mole
AG(Q) = 3.4 kcal/mole

B. Formation of the N-oxide for several pyridine derivatives results
in a large upfield shift of the 2-, 4-, and 6-carbons and a significant down-
field shift of the 3- and 5-carbons. The chemical shifts (A§) are consistent
with a resonance and electric field mechanism. MO calculations using CNDO/2
show a qualitative correlation between excess charge dénsity and AS.

A Davidon-Fletcher-Powell optimization method was used to investigate
the conformatibnal manifold of oxolane and its derivatives using the MINDO/3

MC program. Oxolane was predicted to have the planar conformation.
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To my late father, Ira



" Tt is a capital mistake to theorize before one has data. Insensibly cne

begins to twist facts to suit theories, instead of theories to suit facts."

Sherlock Holmes
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BACKGROUND
1. INTRODUCTION

A. The structures I and II, l,4-anhydroerythritol (oxalane 3,4-cis -
diol) and 1,4-anhydrothreitol (oxalane 3,4-trans -diol) shown in Figure 1, form
the central moiety of the biochemically important molecules given in Figure 1,
ITI~VI. Adenosine triphosphate, ATP, III, provides the driving force for
humerous biochemical coupling reactions due to the high Gibbs free energy of
the hydrolysis of ATP. Ribonucleic acid, RNA, IV, serves as a transporter of
genetic information. Adenosine 3';, 5'-cyclic phosphoric acid, cyclic AMP, V,
acts as a secondar§ messenger in the regulation of enzymatic processes. D-
fructose~-6-phosphate, VI, is an entry point in the glycolytic pathway. Iis
seen to represent the basic sugar backbone of structures III, IV, and V, and
II that of VI.

The interactions of I and II with other species are governed by the
lone pairs of electrons on the oxygen atoms, which may participate in the inter-
actions one, two, or three at a time. The symmetry of I and II are Clh(m)
and C2(2), respectively, and, in any interaction with a species of higher sym-
metry in solution, this symmetry will be preserved on the average. I and II1
are, to a first approximation; structurally rigid and measurement of Dreiding
molecular models shows the 0-O distance of the cis hydroxyls of I to be 2.5 R;
the 0~0O distance in I between hydroxyl and ether oxygen ié 3.6 R; the 0-0 dis-
tance of the trans hydroxyls of II is 3.5 X. Thus, the symmetries and geome-
trical features of I and II permit the comparison of geometries of association
complexes.

To date a considerable amount of work has been done on the interaction
of.various metal ions with sugars énd related compounds in different solvent
systems. Thus, the interaction of metal ions with various sugars has been
studiéd by a number of techniques. 23Na NMR has been used [1] for the study
of sugar-sodium interactions in pyridine solution. Since it has been shown

that the sodium cation coordinates on one face to three or more oxygen atoms



2a.

Figure 1. The structures of 1,4-anhydroerythritol (oxalane 3,4-cis,
diol), I; 1,4-anhydrothreitol (oxalane 3,4-trans diol), II;
Adenosine triphosphate, ATP, III; Ribonucleic acid, RNA, IV;
Adenosine 3',5'-cyclic phosphoric acid, cyclic AMP, V; D-
fructose-6-phosphate, VI. Many of the ring hydrogens

have been left off for simplicity.
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3.

from the sugar, and on the other face with nitrogen atoms from the solvent
molecules, there is a substantial electrostatic field gradient at the quadra-
polar nucleus. Line broadening can be analyzed to reveal details of this
complexation.

Complexation of lanthanide ions with alditols and polyhydric alcohols
have been used as model studies for the complexation of sugars with»isosteric
ca(II) [2, 3]. It was shown that a lanthanide-sorbitol complex in D20 solution,
for example, was fnrmed with the sorbitol adopting a normal zig-zag conformation
while using 0-2, 0-3, and 0-4 as ligands.

The interaction of carbohydrate derivatives with sodium ions in acetone-
d6 solution was studied by lH NMR [4]. All the proton resonances of 1,4~
anhydroerythritol showed induced shifts, but of differing degrees. The
chemical shift data for the three observed protons was analyzed by the Scott
modification of the Benesi-Hildebrand method[41],The protons yielded equilibrium
constants for complex formation of approximately 6,1 and 2.5 M_l. The
variation in these values is clearly the result of the non-validity of assump-
tions inherent in this treatment. This point will be discussed at greater
length subsequently. It is of interest to note that NaClO, and NaSCN compléxes

4
of 1,4-anhydroerythritol may be crystallized. The NacClO cdmplex forms an

4
orthorhombic crystal with space group P 212121,with unit cell dimensions
a= 12,77, b = 7.28, and ¢ = 17.69 ! and with eight complex units in the unit
cell [5]. The distances from the sodium ion to the two hydroxyl and the
ether oxygens of the sugar are 2.314 (11), 2.294 (12), and 2.550 (10), respec-
tively, as shown by X-ray diffraction. It has been observed that componnds
with two hydroxy groups on adjacent carbon atoms have markedly superior com-

Plexing properties to those of compounds with other spacings [6]. 1,4-anhydro-

erythritol possesses three such spacings.



5'-adenosine monophosphate, 5'-AMP, has three sites for the binding of
metal ions: through the phosphate, through the adenine nitrogens or through the
ribése oxygens. Metal binding to ribose is of some significance since metal
ions appear to be capable of distinguishing between ribonucleotides and deoxy-
ribonucleotides in enzymic reactions. Thus, whereas manganese(Ii)can replace
magnesium ions in the DNA polymerase reaction, the selectivity of the reaction
is modified by such a substitution. Magnesium ions permit the incorporation
of only deoxyribonucleotides into DNA [7]. Manganese ions, on the other hand,
permit the incorporation of both deoxynucleotides and ribonucleotides into the
. "DNA". Using potentiometric methods to study the adenosine complexes with
copper ions, some authors have concluded that, at high pH; there exists a
metal-ribose interaction [10]. Comparison of the effects in the titration
curves were made with 9-methyladenine and deoxyadenosine. 1y NMR studies of
uranyl, U022+, ion binding with 5'~AMP has shown that the ions bind through the
phosphate and the 2' and 3' oxygens on the ribose [11]. Using 31P andle NMR
techniques to invesfigate the binding site of Cu2+ to ATP [12], binding was
shown to be a function of pH. At high pH, neither the nitrogens of the base
nor the phosphate group are still bound. The ribose moiety. is theﬁ the coor-
dination site of the metallic cation.

The metal ions discussed above are strongly coordinating. When weakly
coordinating species are coﬁsideréd, competition with the solvent must also be
considered. This leads to investigation of hydrogen bonding phenomena and of
water hydration effects. NMR techniques may be used to study hydrogen bonding
phenomena. In this area there has been a greater effort to gquantify pheno-
menajrathér than merely to identify them. Analysis is difficult, however,

because of the complexity of the interactions.



This work is 'clearly of interest in elucidating conformation and
potential metal binding sites and may also relate to questions concerning
trahsport properties and cationic requlation of enzymic processes. Competition
between water and metal ions in sugar binding may also yield details of struc-
tures of macromolecules containing sugars in aqueous solution. Little interest
has been shown, however, in sugar interactions with the non~metallic cation
ammonium in aqueous solution. The potential reactivity of aldoses and ketoses
with ammonia presents, at first, a discouraging impediment. This reactivity
?roceeds through hemiaminals, imines and, thence, to polymers. The anhydro-
sugars and the polyhydric alcohols, however, are free from this difficulty.

The study of the interaction of anhydrosugars with ammonium ion may relate to
questions of enzymé or proteins binding with substrates containing sugar sub-
units, since proteins contain, for example, the substituted ammonium residue,
lysine. It is interesting to note the relatively high lysine content of
ribonuclease and of ribosomal protein [8, 9]. The lysine residues appéar to
play an essential role in specific protein-RNA complex formation in the ribo-
somes [9]. Arginine has a subsituted guanidinium cation, and both arginine
“and lysine could serve as the counterion for the RNA phosphates. Tﬁe high
proportion of lysine suggests the possibility of a specific lysine interaction
With the riboses through the substituted ammonium residue.

Water association in the control of biochemical reactions has also
received considerable interest [17]. As the solvent medium of living systeés,
water merits in depth study and, indeed, of all solvents it is the one about
which most is known.

Water is not merely an inert or static environment, nor is it merely a

transport medium. It exercises many organizational activities and can form



6.

particular structures in response to the presence of hydrophobic groups and
may establish other types of association in the presence of ionhic or polar
groﬁps. Furthermore, water can provide a supporting bridge for many bio-
logical conformations. |

A water molecule possesses two binding potentials. It is‘a dipole
with excess charge on the oxygen and, therefore, tends to associate with polar
groups. It also possesses the capacity to act as an H-donor, by virtue of
its labile hydrodgens, and as an H-acceptor, by virtue of the two lone pairs
of electrons on the oxygen. It should be noted that the H~bond of water'

retains its strength when it is linear or is within a maximum deviation of

30° [18].
The vapour pressure of water may be considered to represent the acti-
vity of water itself. It reflects the tendency of individual water molecules

to escape from the ligquid water medium. In turn, it is a reflection of the
number of free water molecules co-existing with the various self-association
complexes of water and of their kinetic energy, 3/2 RT.

The substitution of D20 for HZO must be considered in light of the

solvent isotope effect between light and heavy water [19] and of the solvent
isotope effect for ionic hydration [20]. Table I, reproduced from reference -

[21]1, gives the ratio of vapour pressures, PH O/PD o! 2s a function of tempera-
2 2

ture. This is one representation of the solvent isotope effect. From the

lower vapour pressure of D20, it may be concluded that D_.O in the liquid phase

2
exists in a greater degree of order and with more self-association than H20,
while this difference diminishes with temperature. Table II lists some of.
the intrinsic differences of thermodynamic values for H20 and D20, as measured

and as calculated by partitioning of contributions from translations, librations,

and vibrations[19].



TABLE I

yariation of the ratio of vapour pressure of H2()to that of D20 as a

function of temperature [21].'

T c PHZO/PDZO
0 1.255
10.0 ‘ 1.182
20.0 1.154
30.0 1.137
40.0 1.122
50.0 1.107
60.0 1.094
70.0 1.081
80.0 1.071
90.0 1.061
100.0 1.052
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An interesting example of hydrogen bonding phenomena, as shown by 13C,
is revealed by the carbonyl chemical shifts for acetic acid in several
solvents [22] (éee Figure 2).

The interpretation of these results is not entirely clear but may be

" tentatively based [23] on the following eguilibria (where S = solvent molecule):

._).
2
CH,COOH [ (CH,COOH),

—_
aCH_COCOH + b(CH3COOH)2 +_(CH3COOH)a

3 + 2b

(1)

-+ . .
(CH3COOH)n + mS +_n(CH3COOH) Sm

a, b, m, n = 1, 2, 3, .......

The equilibrium constant for the formation of the 1l:1 complex of acetic acid
and acetone has been estimated to be 0.23 liter/mole. The corresponding value
with chloroform is estimated to be 0.02 liter/mole. The data for water is

interpreted by means of a 1:2 complex.

A
O. - . H—O
n
-C
CH, !
O-H-+ 0,
H

An example of PMR techniques applied to the study of hydrogen bonding is

given by benzenethiol + dimethylformamide in CCl,, which forms a simple 1:l

4

complex. If the proton acceptor is in excess, the chemical shift, v, is given
by the equation

1 o1 1
e o *+
1 (KA CCB ) A’C

(2)

where Ac = v2 - vl and vy is the chemical shift of the monomer proton donor

and v, that of the compiex. Results for benzenethiol + dimethylformamide ({23]
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. . . 1
Figure 2. Plot of 13C chemical shifts (relative to 3CS2) of

. -1 .
CH313COOH versus (volume fraction) in the solvents

acetone, water, cyclohexane, and chloroform [22].
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11.
are shown in Figure 3.

The strength of hydrogen bonds may be determined by NMR or other tech-
niques such as IR. Selected thermodynamic parameters for some intermolecu-
larly hydrogen bonded systems [23] which relate to the present study are given
in Table III.

The study of sugar ion complexation by 13C NMR spectroscopy in aqueous
D..0 solution may be advantageous for a number of reasons:

2

(1) 1In D,0 solution, the hydroxyl protons are replaced by deuterium.
Although this does result in some simplification of the proton NMR spectrum,

there are still CH proton-proton couplings, which makes spectral analysis of

: s 1
lH NMR more difficult than proton decoupled 3C NMR spectra.

(2) The metal binding is to the hydroxyl which is directly bonded to
carbon and, so, the electrostatic influence of bound metal is conducted through
two bonds rather than three bonds, resulﬁing in greater sensitivity.

(3) Aside from the proximity effects, 13C chemical shifts extend over
a greater range than proton shifts and are, thus, a more sensitive probe of
molecular effects. This is dué to the fact that, in the 13C shielding,
constant tensor, the paramagnetic term, dominates, giving a large dispersion
of 13C shifts, whereas, for lH, the diamagnetic term dominates because the
hydrogen atom has large electronic excitation energies and no low-lying
p orbitals [13, 14, 15].

(4) Double resonance may be used to decouple proton from carbon by
rapidly stirring the proton spins [131,132] so as to give simple line
Spectra for carbdn [15;16].

(5) D0 is required for any agueous proton resonance work. An

aqueous solvent has advantages over non-aqueous solvents for studies of ionic

interactions because a great deal is known about the thermodynamic Properties
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Figure 3.

Plots of l/(v-—vl) versus l/cg at several temperatures for

benzenethiol + dimethylformamide in ccl, [24].

4
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of aqueous, binary 1:1 salt solutions, whereas little is known about these
properties for non-aqueous salt solutions.
(6) The 13C atom does not undergo chemical exchange and, thus, the

results obtained with this isotope are less ambiguous than those of PMR studies.

An accurate, consistent, quantitative analysis requires that complexation
equilibria be expressed in terms of the activities of the participating
species. Determination of activities of solutes comprises a significant
portion of the present work.

In the analysis of solvent-solute interactions in equilibrium with a
reporter species (in this work, a sugar), it is found that one has the compli-
cated situation of a multi-component, competitive, multi-equilibrium. Previous
methods of analysis have proven to be inadequate and special analytic techniques
are required.

Interactions of the present type are comparatively weak and, at normal
temperatures, are within the fast exchange limit on the NMR time scale. 1In
the fast exchange limit, the observed chemical shift is the population-
weighted averaée of the chemical shifts of the various species in the exchange
brocess. A sensible analysis in this difficult situation requires experi-
mental data obtained where all the important variables, temperature, and
activities are varied independently. A model is then proposed which‘expresses
the relationship of the observed dependent variables on the independent
variables. This model is expressed in terms of a number of parameters and
contains, implicitly, some assumptions about the stoichiometry of the con~
petaéiVé multi-~equilibrium.

The analytical technique used in the present study is non~linear

regression in which the parameters which best reproduce the data for the given
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model are found. With different stoichiometric assumptions, a new model can
be tested in the same way. Comparison of the goodness of fit of these modi-
fied models allows the determination of the model which best fits the data.
In this way the stoichiometry of the multi-equilibrium and the parameters of
the best model are determined.

B. The N-oxide group has become increasingly more important as a
biological functiénality. Aliphatic N-oxides were recognized as early as 1945,
when it was discovéred that trimethylamine was oxidized to trimethylamine N-

oxide and excreted in rats [25]. N-oxides were found to be biologically

active when Neuberg [26] conducted his classic studies in vivo with trimethyl-
amine N-oxide. Chemically, the N - O group is analogous to OH+ and, hence,
protonated N-oxides represent possible electrophilic reagents. Much more
important, however, is their role as a biological oxygehating agent‘in micro-
somal enzyme systems. N-oxides have been depicted as the main moiety respon-
sible for biological oxidative demethylation of N-methyl derivatives[27, 28].
Xanthine oxidase catalyzes the transfer of labeled oxygen from nicotinamide
N-~oxide to xanthine in the course of the formation of uric acid [29].

Many N-oxides have been found in nature. For instance, substituted

quinoline N-oxides and quinoxalin §,§fdioxides have been found to be antiviral

agents [30) and a large number of gfoxides have been shown to have antibacterial

activity, including the antibiotics aspergillic acid, emimycin, iodinin, and
myxin. The latter compounds are all formally related to diketopipérazines.
Finally, several pyrrolizidine alkaloids, such as senecionine gfokide,
have«been demonstrated to be the tumor inhibitory principals of plant extracts
[31]; It must be added, however, that purine N-oxides have proven to be

, 1
bPotent oncogenic agents.

An agent which induces any form of neoplasm is oncogenic. The term
carcinogenic should be reserved for agents inducing carcinomas.



le.

In order to gather insight into the structures and electronic con-
figurations of this class of biologically important compounds, we have

. 13 . , . , .
determined the C chemical shift parameters of a series of pyridines and

their §7oxides.
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Figure 4. Structures of aspergillic acid, enimycin, iodinin, and myxin.
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2.0
Dynamic NMR

The shielding, o, of a nucleus dissolved in a liquid medium is expressed

{32, 33] as

=0 +0 +0 +0 +0_+0
(3) g b a w E c

. where Og is the shielding in the gas phase, ¢, is due to the bulk diamagnetic

b
susceptibility of the sample, Ga is a term arising from the non-zero averaging
of any anisotropy which may exist in the diamagnetic susceptibility of the sol-
vent molecules, Ow is the van der Waals term, OE is the reaction field term,
and oc is the apparent complexation shielding which may arise out of some
specific molecular association phenomenon involving the solute in rapid exchange
between varying magnetic environments.

Formulations for the gas phase nuclear shielding tensor are numerous
and somewhat intractible but may Begenerally divided in£o perturbation fheories,
which require consideration of excited states, and variational theories, which
do not [34]. The problem of the bulk diamagnetic suscéptibility may be elimi-
nated with the use of an internal standard , and the proper choice of the
internal standard will minimize the specific and non-specific medium effects
on the standard. In suitable éases, the effect of the specific complexation
shielding is greater than the non-specific medium effects and the latter can be
ignored.

The theory of spectra observed in a system in which there is chemical
exchange may be obtained by consideration of the Bloch equations, suitably
modikied for two site exchange.

Consider the case of a rapid reversible exchange of the magnetic nucleus
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X between the two molecular enviromnments A and B. It may be assumed that the
transition state is sufficiently sho:t~1ived, so that magnetization changes
during the transfer of X may be neglected. Denote the first order lifetimes

of X in A and B/by TA and TB, respectiQely. The components of the X nuclear
magnetization are denoted by u and v, which are the in phasevand oﬁt of phase
components, respectively, with the rotating radiofrequency field and Mz, which
is the component in the direction of the main magnetic field. The magnetization

can then be written as the sum of the contribution of the A and B systems.

u = u + u
(4) A B
v = Vv + v
A B
B
M = MA + M
4 4 4

The modified Bloch equations in the rotating system are [34,37]

d - bdw v = - +
(5) uA A A uA uB
dt
Ton B
d - = - +
uB AvaB uB u
T
dt 2B ‘a
dv - Aw_u = -V + v - W MA
A A A A B 1z
dt T2A TB
- A = - + - M
dvy Y5 Vg Va 1%
dt T2B T
A A
a® - = M - M + M
4 wlvA [e) z zZ
dt T T
1A 1A B
B
dMB - W,V = MB - M + MA
z 1B [¢] z zZ
dt T T

b

TlB 1B
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A B . . . R .o .
where MO and Mo are the equilibrium Z magnetizations of the X nuclei in sites

A and. B and where

(6) boyg = wy =0
A = -
wB wB w
ml = yHl y measured in radians sec -
and ’ -1 -1 -1
= T +
Tia 1A Ta
7
( -l T"l + T_l in sec
2A 2A A :

The last two equations represent the modification of the spin-lattice (longi~

tudinal) and spin-spin (transverse) relaxation times; T and TZA' of X in

1A

the A environment. Similar relations apply when ¥ is at site B.

The modified Bloch equations can be solved in the steady state approxi-

mation. The lineshapes of the absorbtion and dispersion mode signals are
given by the total complex moment [37}, G = GA + GB
(8) ' = u + iv

-1 + + +
iw Mo [(TA TB) TAT (. p aBpA)]

~ 1 B A'B
+ o + -

(1 aATA) (1 aBTB) 1

where -1 .
a, = T2A - :L(wA w)

(9) X
...l .

ag = Tpp T ilug @)

and where p - TA and P - TB

A T+ T B T, + T
’ A B A B
- (10)

are the fractional populations at the A and B sites. For conditions of rapid

exchange, TA and TB << 1 and; hence, terms containing TAT can be neglected and

B
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G is approximated by

(11) G = 1l o A B .

(12) v = - 5 1l o 2 5
+ + -
1 T, (PA“’A Py w)
where -1 - =1 -1
= +
Ty ToaPa To8Pp
(13)

Hence, resonance absorption occurs when the radiofrequency w has the value

(14) W= P, + meB
This last relationship, given for rapid exchange, may be generalized directly
for cases of'exchange between three or more sites.

In the regime of the fast exchange limit, i.e. where the rate of
exchange between species is appreciably faster than the reciprocal difference
in angular precession frequencies of the resonating nuclei [38], the anélysis
of NMR shielding versus concentration may be used to obtain values of stability
constants [39]. Simple systems yield readily to a straightforwardkanalysis.

As a first example, COnsider‘the hypothetical ideal equilibrium beha-
viour of a 1:1 complex formed between a donor, D, and an acceptor species, A,
[40}.

(15) >

[C]
(D] {A]}

|
~

The b6bserved shielding, o, is a concentration weighted averdge of its value

in the free acceptor, OA, and in the complex, Oc.
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(16) (0 - o) _ A = [C]
(0o - oy B (el + @D

This formula is often referred to as the Benesi-~Hildebrand equation where it
arises in the context of optical ‘spectroscopy [41]. It may be combined with

the equilibrium expression to give Scott's equation {42]

(17) (D] 1 (D]
A K AC AC

A least-squares fit

(18) y = bl + b2x
where y = [D]/A ’ and pYs = [D]) ’ yvields
(19) AC = l/b2

K = b,/b;

with standard deviations

2 2,4
2
(20) (GAC) (6b2) /b2

2 2,2 2 2,4
(8K) = (6b2) /bl + b2 (6bl) /bl .
In practice, the free donor concentration, [D], is unknown; it differs
from the total initial donor concentration by the complex concentration. When

the acceptor concentration is kept small, the total initial donor concentration

is a good first approximation to (D]. At each concentration, the derived
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values of AC ahd K may be used for a second Scott analysis, yielding better
values of AC and K, and so on to self-consistency.

Equilibrium systems more invol?ed than a simple 1:1 association have
been disentangled by an analysis of chemical shift data. For the system of

n-mer formation represented as

(21) ‘ pA 2 A, n =12 ....n
K = Cn
N n_
Cn
1

where C is the concentration, the subscript indicating monomer, dimer, trimer,

+ « - + 4, n-mer. The shift frequency of one absorption peak, which is the weighted

average of all contributors, 1is given [43] for ideal equilibrium behaviour as

, (v,C, + 2v.C. + 3v.C. + . .+ nv C)
(22) v = 171 22 33 nn
+ + + .. .+
(c; 2c, 3¢, nCn)
(v, C + 2v_K C2 + nv K Cn)
= 171 27271 ettt nnl

} 2 n
+ . . .
(Cl + 2K2Cl nKnCl)

One approach to the disentanglement of such a systém has been to make

the assumption that all but one Kn can be neglected (i.e. only monomer and

n-mer are present). Then
n

+
(23) v = (vlcl n\)nKncl)
n
(Cl + nKncl)

and since the stoichiometri¢ (total) concentration

(24) Cc = C, + nKCY , then
' 1 n 1l
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i
=
—

(25) v

A v versus C curve is determinéd experimentally and then compared with
trial-and-error computed curves until the best fit is found. Thié method is
illustrated for O~cresol in Figure 5, taken from the work of Griffith and
Socrates [44]. The fit for n = 3 indicates that the prominent H~bonded species

present is the trimer.
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Figure 9.

Plot of hydroxyl proton resonance of O-cresol relative.
to TMS (in cycles per second) versus the log of
concentration [44}. The‘curves were calculated
aséuming only dimer, trimer, and tetramer formation,

respectively.
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2.1
Derivation of Chemical Shift Expression for Species undergoing Competitive

Multi-Equilibrium (Fast Exchange Limit)

Consider a molecule, E, with a number of ligand sites. Assume that a
complex, E.nW.mA, of stoichiometry nm may be formed, where n molecules of
solvent W and m molecules of solute A are engaged. In the fast exchange limit

+ is given as a population

' the chemical shift observed for nucleus i of E, S:bs

weighted sum,
{26) ) = L p

The mole fraction, pnm' of species E in the ligation state E.nW.mA is

determined by the appropriate equilibrium expression, given in terms of

activities,
nm a o
= E.mW.mA
@7 ) T n m
a_(a
E( w) (aA)
for E + nW + mA < E.nW.mA, n,m = 1, 2, . . . .

or, given in terms of concentrations and activity coefficients,

(28) < CE.nW.ma . YE.nw.ma .
c (e e )" Y T
Now, for CE small,
(29) : YE.nw.mA/YE ~ 1 [45]
o

(30) CE.nW.mA

n,. m
CE(aW) (aA)
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C .
(31) pn'm' = E.n'W.m'A
o
CE
nlml »nU ml
= K CE(aw) (aA)
Co
E
n'm' n' m'
= K CE(aw) (aA)
nm n m
EmK CE(aW) (a,)
i X ,
Therefore, 6obs is given by
i i n'‘m' n' m'
- . , a
(32) Sobs Fm'%En'Ww.m'a K (a) " (3,)
nm m
5 K (aw) (aA)
or, since KOO = 1 ’
di _ 6i + 3 di Kn'm'( )n'(a )m'
(33) obs EO : n',m'#0 E.n'W.n'A aW A
1+ M@ ) @ )"

The summation extends over all the species that enter into the inner ligation
sphere of E.

. i ‘ . -
The equation for 60 may also be derived from the grand partition

bs

function for an ensemble of multicomponent subsystems. The grand partition

function for two components is [46]

- Ny, N
(34) g = % Q(N, ,N,,V,T) All)\zz ,
NprNy ‘
where the Q are the canonical partition functions with occupation numbers
: kT kT
Nlr N2 of components 1 and 2, and where Al = eHl/ ' 12 = euz/ are the
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absolute activities of lvand 2. The probability that a subsystem has N_,N

12

molecules of 1 and 2, respectively, is then

(35) P(Nl’N ,V,T,ul,u )

2 2

N,.N
= 2
Q(Nl,N ,V,T) xllxz

2

=

= N7, Np
QN ,N,,V,T) AJ1A2 / 9(0,0,v,T)

2

£/0(0,0,V,T)

- Np,No
1
L K(N',N',V,T) A1 ANQ
oyt 102 1 "2
172

where K(Nl,N ,V,T) is the equilibrium constant for equilibria between zero

2

molecules in the subsystem and N., N_ molecules of components 1 and 2. The

1 2
use of absolute activities presents no problem to the straightforward deri-

vation of st

obs from this point, since the relative activity, a, is obtained

as the ratio of the absolute activity to the activity in some reference state
{471. The usuél assumption of the independence of subsystems is equivalent
to the assumption of ideality. |

This insight, in terms of the grand partition‘function, is useful
because it allows the generalization of the expression for the chemical shift

to greater than two components in an obvious way.
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3.0
Regression Theory [48 - 561

One of the elementary aspects of regression analysis is the technique
of curve fitting, wherein a function expressed in terms of some unknown para-
meters is used to approximate the dependence of some experimental measurements
on some other independent variables in the experiment. The most well-known
criterion for curve fitting is obtained when. the parameters are solved for
those values which minimize the sum of the squares of the differences between
the observed and predicted values of the dependent variable, summed for ail
cases within the experiment. In order to consider the theory behind this
technique, we must first consider the necessary and sufficient conditiong for

the existence of an unconstrained relative Minimum [48].

Necessary and Sufficient Conditions for Unconstrained Relative Minima

We wish to discover the minima of an objective function
(36) I (xl, Xor oo 0o xn) .

Suppose that the point

(37) [ x*-‘

| o

is the minimum sought and there is another point, x = x* + 8% , slightly



displaced from it. Since x* is the relative minimum,

(38) : I = I (x* +6x) - I (x*) > O
for all displacements
le
‘ _ 8%,
(39) 5% = .
Sx
n

Expand the above in a Taylor series about the minimum to obtain

n n n 2
(40) §I = X aI _ Gxi + iL__ z Z» Sx., (Ea-—:;—)ﬁx. + 0(53}()
i=1 |, | x=* 2 §=1 i=1 J\%*i%%5) *t

For very small displacements, the second-order terms are negligible and

n
(41) 8T = I (3I—-) 8x, + 0(8%%)

i=1 \¥i/%x

The only way that oI > 0 can hold for all possible small values of 8x is for

(42) (%i—)_ = 0o , i = 1,2 ....n.
i7 x*

On substituting, we obtain

(43). st = L osx T f)-. 6% + 0(s%xD)
} 2 x¥*

where H is the symmetric matrix of second derivatives
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— )
2 2 ‘ 2
= 01 31 . . . 0 I
(44) H = 5 ——ee—
Bxl 8x18x2 Bxlaxn
3°1 31
2
3x23xl 3x2
321 . . . . 31
; 2
9x_9x X
n 1 n
l—-— diwaiad
known as the Hessian matrix. The required conditions are then seen to be
(45) a1 ) = o , 1i = 1, 2, . « «n
% T3
(46) 6;T §6§2 0. H is positive-definite or semidefinite.

A syhmetric positive~definite matrix is characterized by having all positive

eigenvalues. A positive semidefinite matrix has some zero eigenvalues.

Necessary and Sufficient Conditions for Minima having Equality Constraints

In the case where we have equality constraints, the problem of minimizing

an objective function I may be written

(47) Min I (Xll X21 n ’

where h, (x,, x
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A convenient way of tackling these problems is through the use of the

Lagrange multiplier.

Let us form the Lagrangian L by adjoining the equality conditions to

the objective function through m-Langrange multipliers Aj
-— -— — m —
(47) L (%, A\) = I(x) -~ X Aj hj (x)

For any small displacements from the optimum x*, A*, on expanding the above

in a Taylor series, we obtain

(48)

L (x*, X*) = vx =2 fex, - I h. (%) By + 0(8%2,6%2)

ax, |- 13 i Jwx i jeu

i=1 ifx* 3

n r- oI m oh. m
ZL ;

n s Tk m

= oy &M 4
. 90X, i ;
i=1 i Jj=

We may note that; for any small variation from the minimum I (§*), we must have
(49) 81 (x*) 2 0

and, since the constraints must be satisfied, then Ghj(§*) = 0 must also hold.

Thus, at the optimum, we must have
(50) SL (x*, X*) 2 0

But the only way this can be true for all small values of Gxi and ij is for

oL .
(51) % = 0 i
i

1, 2, . . . n
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(52) L .
A
j

Then the problem of minimizing an objective function with equality constraints
is seen to be equivalent to the problem of unconstrained minimization of the

corresponding Lagrangian.
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3.1
Unconstrained Nonlinear Optimization Techniques [ 48,49,53,57-60 ]

Unconstrained nonlinear optimization occurs in the context of
regression analysis, wherein one postulates a model which predicts an ob-
served variable mathematically in termsof some independent variables and

some parameters plus observational or measurement error. It can be repre-

sented by

l
Fh
"

(53) Y = l'XZ' ..... , X, 81, 82, ey Gm) + e

[
Fh
®
@l
+
[0]

For many observations with different conditions, one would have

i
|¢h
® |
D
+
[0}
J
it
-
=

(54) Y,

- or

=<
I
by
i
8
+
o

where the vector of observations is expressed in terms of the data matrix,

;, parameters 9, and error e. It is assumed for statisticai purposes that
e comes from some distribution. It may be shown that, with conditions of

norﬁally distributed independent error, least squares is the correct method
foxr parameter determination {49].

We then have an objective function '1(65 to minimize with respect

to 6 . For least squares

7 e -

(55) I = g (8) g (9)
- I (Y, - f(x..8))7° .
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Consider the following definitions:

the gradient, E‘ = g~% ’
(56) * 8/ o=6,
i
the Hessian, E = 3_% .
(57) * 98/ a=0
i
: = _ (339
and the Jacobian, J, T ey
(58) ‘ . 6/ o-9
i
All optimization techniques are iterative methods in which, given an
a Iy : " N - % H - — ol -
estimate, 0., néar the minimum, & , a correction, o; = A8, = 0, - 6, ’
1 : i i i+l i

is determihed, E; = oy E&, for a stepsize, o and search direction, p, -

Let E; = Aai. Without going into any detail then, the important methods
may be enumerated according to the manner in which the search direction is
determined. The stepsize is chosen according to some acceptability criteria

for which 1 (ei+l) < I(Gi). The above definitions apply in common to the

different methods below.
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3.1.1
steepest Descents

The steepest descents method is defined by

(59) El = - (g, ’ i,g, the search direetion is

opposite the gradient. It has the advantage of simplicity, where only the

elements of the gradient need be determined and convergence is relatively

— % .
fast away from the minimum, © , but convergence is ponderously slow near

p—
) . It is seldom used.
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3.1.2 7

Newton-Raphson: pi = - [vﬁ_ 1 lé_
(60)
The Newton-Raphson method is é powerful method in which the
curvature is used to correct the gradient to give the search direction.
If it works, rapid convergence is guaranteed. However, its disadvantages
are that the matrix of second derivatives is required and, for estimates

— % =
away from © ; Hi‘may become singular.



38.

3.1.3
causs—-Newton: pi = - [J, 3,] g.
(61)

The Gauss-Newton method is essentially a linearized Newton-Raphson,
where the term in brackets approximates the Hessian. It is used widely for
least squares. Various modifications allow for an approximate inQerse to be
calculated, avoiding problems of singularities. It has the advantage of only
~requiring first derivatives. The disadvantage of this method, which was |
encountered in this study is that, where a good first approximation is unavailable,
many iterations are required. From a statistical viewpoint, this method may
be regarded as stepwise linear regression on the parameters. At each step
(J j}]~l is an estimate of the covariance matrix of the parameters.

The Gauss-Newton method has good convergence properties near the minimum.»
in this study, where it was used (see Chapters 5 and 6),a first approximation
was obtained by "chemical intuition" or trial and error. Three programs were
used: BMDX85 [59], BMDX85/NAUGLER, and BMDP3R [60]. BMDX85 is a general least
squares program which incorporates the use of inequality constraints.
BMDX85/NAUGLER is a double precision modification of BMDX85 written after double
pPrecision was discovered to be essential. BMDP3R is an up to.date version;
double precision, allows linear equality constraints, and gives residual analysis.
The latter program, which is implemented under MTS, is recommended for the

value of the output it produces.
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3.1.4

= = 2 "l= —
Levenberg-Marquardt: p, = - [J.T J. + A7 I] g.T
(62) i i i i i1

The Levénberg—Marquardt method overcomes the difficiencies of the
Gauss—-Newton method by choosing a Ai sé that the search direction lies some-
where between the steepest descents direction and the Gauss-Newtoﬁ direction.
Thus, the best of both techniques can be achieved. A large enough choice

of Ai will ensure-that a non-singular matrix is obtained.
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3.1.5
. | = -]
pavidon-Fletcher-Powell: p, = —[A] d.
| i i i
(63)
where o E-T z - — z
L T s T S
—~ T — — o — y
g, . . .
iMooy BNy

In the DFP method, a variable metric, A , is used to approximate the
i v
Hessian and it is constructed so that only gradient informafion is required,
it is never singuiar, and the search directions are conjugate, i,g: orthogonal
with respect to the Hessian and, so, interaction between these "conjugate
gradients" is eliminated. This method is extremely robust and has been

implemented to optimize the calculated electronic energy in MINDO/3 molecular

orbital calculations (g1, 62 ]

Modifications of this procedure use
differences to approximate the first derivatives.

In all the matrix methods described, various inversion or spectral
decomposition techniques may be applied. In BMDX85, BMDP3R [59,60] Gauss~
Jordon elimination [49] is applied with pivoting done in a stepwise manner
until fugther improvements in the matrix-inverse are less than rounding

error and so that boundary conditions of the parameters are not violated.



EXPERIMENTAL 4]f )

4.0
1,4-Anhydroerythritol and 1,4-Anhydrothreitol Synthesis and Characterization

Nearly quantitative yields ofbl,4-anhydroerythritol* can be obtained
simply by heating erythritol in a distillation flask containing a strong acid
cation exchange resin, followed by vacuum distillation {63].

We have found that it is important that the product be distilled from
the reaction mixture as it is formed to avoid side reactions. In a typical
synthesis, 1 gm of erythritol (Sigma) and 0.1 gm of Fisher Rexyn 101(H+) ion
exchange resin was placed in a micro distillation flask in an oil bath which
had been preheated to 140° c. The bath temperature was allowed to rise to
190° ¢, at which time product distilled out of the flask at 0.7 mm Hg. Product
purity was achieved by the third redistillation, when the product distilled
at 89° ¢ (0.3 mm Hg). |

Synthesis of l,4-anhydrothreitol)r was achieved.in a similar manner from
threitol. A recent report [64] has given the synthesis of 1,4-anhydrothrei-
tol by epimerization of 1,4-anhydroerythritol via the monotosylate. One
gm of d,2=threitol (Sigma) was cyclizedkwith 0.1 gm of Fisher Rexyn 101(H+)
ion exchange resin. A second distillation gave a boiling point at’l300‘C
and 0.3 mm Hg. The reaction went smoother and faster than the cyclization
of erythritol, as would be expected for the trans configuration of hydrokyls;
The higher boiling point is consistent with the absence of intramolecular
hydrogen bonding and with greater intermolecular hydiogen bonding for trans
diols compared to cis diols.

The lH spectrum of 1,4-anhydroerythritol~d2, which was obtained by

lyophilization from D, 0O, was recorded at 100 MHz in HFCCl2 at room

2

*
Cis-3,4~dihydroxy tetrahydrofuran

+ ;
Trans-3,4-dihydroxy tetrahydrofuran
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Figure 6.

(a) The lH NMR spectrum of l,4—anhydroerythritol—d2,

in HFCCl2 with internal hexamethyl disiloxane reference;
external 19F field frequency lock. Sweep offset 84823 Hz,
sweep width 100 Hz.

(b) The 1H NMR spectrum of 1,4—anhydrothreitol in DZO with

internal reference TMS; external lgF lock. Sweep offset

85315 Hz, sweep width 100 Hz.

- Spectrometer frequency 100 MHz.
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(a)

90 Hz

350 Hz
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temperature in a sealed tube using an external fluorine lock. A deceptively
simple spectrum, consistent with aﬂ AA'BB'éC'system, yvielded a dopblet of’
doublet of doublets, with relative intensities 1:3:3:1, in that region which
gave 2/3 of the total proton intensity.

The 13C{1H} spectrum (proton irradiation off during acquisition) of
1,4~anhydrothreitol was recorded at 25.2 MHz in D20 with internal deuterium
lock at room temperature. Splittings due to one and two directly bonded
hydrogens were evident. The assignments and chemical shifts calculated
relative to TMS were in agreement with literature values {[gs].

The 13C{1H} spectrum (proton irradiation off during acquisition) of
i,4-anhydroerythritol was recorded at 25.2 MHz and 15.08 MHz in D20 with
internal deuterium lock at room temperature. Splittings characteristic of
one directly bonded hydrogen on one carbon and two directly bonded hydrogens
on the other carbon were seen. The assignments and chemical shifts calcu-
blated relative to TMS were consistent with values given in the literaturé [ 65,686].
The 1H spectrum of 1,4—anhydrothreitol in D20 was recorded at 100 MHz

using an external flourine lock at room temperature. The spectrum was con-—

sistent with that of an AA'BB'CC' system in which JA and J

c act are negligible.

The proton of intermediate chemical shift appeared as a doublet of doublets,
being coupled to the other two protons, which appeared as doublets, to first
order.

Gas chromatography-mass spectral analysis of 1,4~anhydroerythritol
and 1,4—anhydrothreitol showed these materials to be relatively pure, as
shown by the g.c. trace (due to the total ion current). The parent peak
for both cbmpoﬁnds had a value of 105 mass uﬁits. The molecular weight of

each is 104. This discrepency can be rationalized as being due to an ion-
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Figure 7. G.C. trace due to total ion current of l,4-anhydroerythritol.
Instrumental system consisted of a Varian Aerograph series
1400 gas chromatograph, a Hitachi~Perkin-Elmer RMU-6E Mass
Spectrometer, and a System Industries, Sytem 150 data sys-

tem. 100% represents the digitization value.
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Figure 8. M.S. fragmentation pattern of 1,4-anhydroerythritol.

Retention time = 36 seconds.



45b.

8°81 ¥y O30 OOE LY @E-35 NO SW-09

«%00T QOIX ST 'E=dOvE 9€:@=ld LTI=WADIS S NS

1009



46a.

Figure 9. M.S. fragmentation pattern of 1,4-anhydrothreitol.

Retention time = 36 seconds.
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Figure 10. G.C. trace due to total ion current of 1,4-anhydrothreitol.
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molecule reaction inﬁolving hydrogen atom transfer [671]. Many types of
compounds, including alcohols which give molecular ions of low abundance,
have a high cross section for such an ion—molecule reaction.

1,4~Anhydroerythritol gave a specific gravity of 1.33 and L,4—
anhydrothreitol gave a refractive index of 1.469 at room temperature.

In conclusion, the characterization studies of the two pro-
ducts provides no evidence that would suggest that they aie not the expected
products. Cyclization of polyhydric alcohols by the catalysis of strong
acid ion exchange resin proved to be much more convenient than other methods
[ 68,69] discussed in the litefature. The anomeric gpecificity of . the
enzyme 6-phosphofructokinase has been established using structurally loéked,
isosteric analogues of Q—fructose—l—phosphate [68]. 2,5—Anhydro—2—mannitol—
1-phosphate is an alternate substrate of 6-phosphofructokinase, while 2,5~
anhydro—2~gldcitol—l—phosphate is a competitive inhibitor. With the inten-
tion of possibly elucidating the mechanism for these contrasting properties,
the cyclization of D-mannitol and D-glucitol, to give the 2, 5-anhydro pro-
ducts, was attempted. The volatile trimethyl silyl derivatives of»the
product mixtures were analyzed by g.c.-m.é., however, and proved to represent
all possible furan, pyran and bicyclic structures. Potentially, separation

of the products might yield useful materials.
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4.1

l3(1‘ NMR Spectra

Typical experimental condition§ for the determination of 13C NMR
spectra are represented by those for 1,4-anhydroerythritol. 25 uf of
1,4-anhydroerythritol, 0.1 molal, 10 uf dioxane, 0.04 molal, in 3.0 ml
DZO with the addition of a weighed portion of NH4C1 were placed in a 12 mm

gas. NH Cl was

sample tube and were deoxygenated with a stream of N 4

2
recrystallized from water, vacuum dried, and weighed by analytical balance.
The sample tube was spun in the probe at a rate‘of 25 rps. The temperature
was thermostated with a temperature controller with a fiow of cooling N2
gas at 35 SCFH. The temperature reached upon equilibration was recorded
using a double junction copper-constantan therm0coup1e and a Leeds and
Northrop potentiometer[72]The junctions were encased in glass capillaries
and the reference junction was placed in an ice water mixture and the other
in the s=ample. A calibration curve for the double junction copper-constan-
tan thermocouple was prepared with a variable temperature bath and compari-
son with the calibration table given in reference [70] showed that the
latter calibration table was accurate to t 0.1o C. Proton noise decoupled
pulse FT NMR spectra were obtained at 25.2 MHz with an observé offset of
32001 Hz, using a 90o pulse of 22 usec duration and a delay of 100 usec
before the start of digitization. Internal 2H was used as a field~fre-
quency lock. A 100.1 MHz proton decoupling‘RF field with an internal off-
set of 45040 Hz was applied with a 2 kHz noise bandwidth and 20 W power.

A four pole Butterworth filter with cutoff freguency sét to 1000 Hz was

used to filter the observed signal and the ADC was set with 12 bits reso-

lution for a signal of * 1V. Of the order of 400 FiD's were acquired at
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a digitization rate of 2 kHz in a 16 K data set. A line broadening of

1 Hz was used before FT of the accumulated FID. Peak positions were
determined by three point parabolic interpolation. The resolution limited
by digitization is determined to be 0.125 Hz and the resolution limited by
field inhomogeneity was measured to be of the order of 0.5 Hz at best. A
Radiometer PHM 64 Research pH Meter was used for all pH measurements. For
D20 solutions, the correction pD = pH meter reading + 0.40, due to the glass
electrode [71], was applied.

Dioxane was chosen as an internal chemical shift referencekbecause it
dqes not enter into any association complex reactions in the systems studied.
Sodium 2,2-dimethyl,2-silapentane sulfonate, DSS, a common referénce in
agueous solution, was rejected on this account and also because it does not
giVe sufficient signal intensity in dilute solute where its detergency is
miﬁimized. In work with lysine (page 73) it was foﬁﬁd that aioxéne was
stationary with respect to the resonances of the central carbons of lysine.

A recent study by MacDonald [133] of amino acids used dioxane, 0.5% in D o,

2

. 1 . . . .
as an internal 3C § reference. Dioxane was assigned a chemical shift of

67.73 ppm.
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RESULTS AND DISCUSSION

5.
Proton NMR Studies

A.H. Haines et al. {4 ] have studied the interaction of 1,4-anhydro-
erythritol with sodium ions in acétone solution. The induced chemical shifts
of proton resonances of the three proton positions are shown in Fiéure 11.
They performed a Scott-Benesi-Hildebrand analysis of the equilibrium shift data
assuming the formation of a 1:1 complex. The values of the equilibrium con-
stant obtained from the chemical shift data for H(l), H(2), and H(3) are
stown in Table Iv. It is worthwhile at this point to compare the results of
a non-linear regression analysis of the same data with a model in which the
same assumptions implicit in the Scott-Benesi-Hildebrand technigque [40,41] are
nascent.

For the donor-salt complex, let the equilibrium expression be

(64) K = —dCl

' [D] [S] !

where [C] is concentration of complex and [D] and [S] are that of free donor
and free.sait, respectively.

Then, since

(65) [C] + [D] = D0
and .. , )
[c] + [s)] = So' the initial concentrations,
- . - so - [s] .
; | (DO - s, * [s]) [8]

Since [8] z 0, we may solve for [S],
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Figure 11,

Induced chemical shifts (A8),Hz of proton resonances of 1,4—
anhydroerythritol, 0.136 M in acetone—d6 solution, on
addition of sodium iodide. H(L) (~()—), H(2) (—Xx—),

H(3) ( — [] —); H(l) (+) with NBu I replacing Nal. Taken

4

from reference [ 4 1. See Figure 1.
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67) - - _ 2 )
( K(S, - D) -1 + ,f;;(DO s,) *+ 17 + 4K-s_

i , 6 = + ; ' i f

Given obs nD 6C nC 6C where nD, nC are the mole fractions o

free donor and complex, and SD' 6C are the chemical shifts of free donor and
8 + § K [S}

. . D C
omplex, respectively, we obta § =
comp P Y ORI O s 1 + K [S]

(68) . 2
GD + GC/2[K(SO - Do) -1 +<J{%(Do —So) +1]" + 4K so

obs 1

. 2
T [K(So - Do) +1 + /[K(Do -So) +1}] + 4K SO ]

This model equation is suitable for regression analysis of the given data

in order to obtain the three unknown parameters, GD, GC, and K.  The

Regression program BMDX85 [59] was used, the FORTRAN coding of this model,

with the necessary partial derivatives, is shown in subprogram form:

SUBROUTINE FUN (F,D,P,X)
DIMENSION D(1),P(1),X(1)
=.136
DX=D0O-X (1)
DKS=P (3) *DX
SODS=SQRT ( (DKS+1.) **2+4.*P (3) *X (1))
F=(P(1)+.5%P (2)* (-DKS~1.+SQDS) )/ (. 5* (-DKS+1. +SQDS))
D(1)=2./ (~-DKS+1.+SQDS)
D(2)=(-DKS-1.+SQDS)/ (-DKS+1.+SQDS)
D(3)=(P(2)~P (1)) *(~.5*DX+ ( (DKS+1.) *DX+2.*X (1))
. /SQDS)/(.25*% (~-DKS+1.+SQDS)**2) -
RETURN .
END r

where the identifications

F = = . = }
obs N SO X(1) DO DO
D(1 =
(1) ) bS/ 3 GD,
D (2) = ) bS/ P GC,
D(3) = 8 / 9 K, are made.
' bs
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Table 1v shows the comparison between the measured and the predicted
values of AS§ for various values of the molarity of NaI and a comparison of
the K values determined by the Scott-Benesi-Hildebrand technique and those
determined by the regression model. The predicted values of AS§ given in
Table IV are determined after the regression parameters have been‘obtained.
The predicted values of A8 for H(2) are not reproduced because the regression
program BMDXBS [59) failed to converge after 100 iterations. This may be
because of the poor quality of the data. The error ranges, based on standard
deviations in computed line-positions for H(l), H(2), and H(3), are approxi-
mately 0.13, 0.05, and 0.05 Hz, respectively (41. Additional error will
dccrue from the volumetric preparation of the various concentrations of Nal
solution.

The comparison of the results of the Scott-Benesi-Hildebrand analysis
and those of the regression model shows that essentially the same values of
K are deferminea for each proton. The regression model is capable of ade-
quately reproducing the data. The deficienceis of these two techniques, as
applied to this data, are the same since they rely on the same assumptions.
The assumptions of these analyses, some or all of which must be incbrrect,
are: (1) the equilibrium expression is given in terms of concentrations
rather than activities, ideal equilibrium behaviour is assumed; (2) a 1:1
conplex only is assumed; and (3) no interaction between substrate and solvent
may be assumed.

Figure 11 also shows the induced chemical shift for H(1l) with the
addition of tetrabutylamonium iodide (NBu4I). This data cannot be recon-
cileé completely with the simple assumption of a Na~substrate interaction

+

onily in acetone soclution. It is reasonable to suppose that NBu4 is too



56.

bulky, and less polaf due to the aliphéfic chains, to interact strongly with
1,4-anhydroerythritol. Although iodide is the least basic of all the halides
[73‘], it may interact by hydrogen bonding with the hydroxyl protons or elec-
trostatically by monopole-dipole interaction when it is at the opposite side
of the molecule. An additionai possibility i; that the solvent, acetone,
interacts with the substrate molecule and the addition of electrolytes alters
the solvent structure so as to change the extent of the solvent-substrate
interaction. For the system studied by A.H. Haines et al., there is not
sufficient data to resolve the problem. But, clearly, if a given equili-
brium can be isolated analytically, the values of the equilibrium constant,

as determined from the chemical shifts of each nucleus; should be the same.
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, 1 ; .
Figure 12. H-noise decoupled 13C NMR spectrum, at 25.2 MHz, of 1,4-

anhydroerythritol, 1.4 M, in D20. Line separation 12.3 Hz,

at room temperature.
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Figure 13,

1H—noise decoupled 13C NMR spectrum, at 25.2 MHz, of 1,4~
anhydroerythritol, 1.4 M, and NH4C1, 6.65 M, in D20. Line

separation 19.9 Hz, at room temperature.
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l3c NMR Studies

6.0

A. (Cyclytols and I.igands)

At O0 C and in the absence of salts, l,4-anhydroerythritol in D20

*
solution has a measured AS$ 0.42 ppm . The maximum value of A$

1,2 1,2

seen at 100° and saturated NH4C1 is .965 ppm.(24.3 Hz). Figure 14 shows
that saturation (7.48 molal) of an aqueous solution of 1,4-anhydroerythritol,
with NH4C1 at room‘temperature, increased the A61’2 to a value of 0.81 ppm.
Further addition of the chloride salt, tetramethylaﬁmoni&m chloride, tends
to cause the AGl,Z value to decrease towards ité original value.

Figure 15 shows that the addition of tetrabutylammonium chloride fo
a solution of l,4—anhydroerythritol, saturated in ammonium chloride and
containing 1.23 molal tetramethylammonium chloride, may tend to increase
A61’2 somewhat.

These trends may be interpreted as follows. Ahmonium chloride inter-
acts specifically either through the ammonium ion or through the chloride
ion to form a complex in equilibrium with other forms of 1,4-anhydroery-

thritol in solution, which has an increased value of AS$ The addition

1,27

of tetramethylammonium chloride and tetrabutylammonium chloride alters the

position of the equilibrium and decreases the observed A61’2, which is an
average for all species present in solution. If, for instance, 1,4~
anhydroerythritol forms a specific complex with the chloride ion, then the
equilibrium of that complex would be controlled by the activity of the
chloride ion in solution. One would expect that, with increasing chloridg

ion concentration, the activity of the chloride ion would increase monotoni-

cally 'in spite of non-ideality due to interionic effects. Thug, one would

AS is the difference in chemical shifts of the two carbons, C(1l) and C(2),
and serves as a useful indicator of chemical shift changes in the absence

of an internal reference. In essence, one line serves as an intra-molecular
reference for the other.
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Figure 14. Plot of AGl 9 of 1,4-anhydroerythritol, 1.6 molal, in 2.0
’ .

mL D20 with NH4Cl, 7.48 molal upon addition of (CH3)4NCI;

Spectra taken at room temperature on TT 14.
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Figure. 15 Plot of Adl 5 of 1,4-anhydroerythritol, 1.6 molal, in 2.0

132 DZO with NH4C1, 7.48 molal, and (CH3)4NC1, 1.23 molal,

upon addition of (C4H95NC1. Spectra taken at room

temperature on TT 14.
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expect a uniform incréase in the value of A61’2 with added chloride. It is
contradictory, then, when one concludes that the chloride does partici-
pate in .a specific complex with 1,4-anhydroerythritol. On the other hand,

mixed electrolyte solutions can give rise to interionic effects whereby one
ion can cause a decrease in the activity of another ion [ 74]. It is thus
consistent with the data presented in Figures and to assume that spe-

cific complexation between ammonium and 1,4-anhydroerythritol is responsgible

for the large change in Aél and that the position of the equilibrium is

2
14
controlled by the activity of the ammonium ion, which may vary due to inter-

ionic effects.

Figure 16 shows the effect upon Aél 5

14

for 1,4-anhydrothreitol, 0.27
molal, of added ammonium chloride. The effect is much smaller than would
be expected for complexation with ammonium ion. We explain this by the
fact that 1,4-anhydrothreitol has its hydroxyls in the trans configuration,
where they are not favorably disposed towards complexation.

In order to eliminate the possibility that H+ or NH3 were responsible

for the observed large values of Adl , experiments were performed with the

' 2

addition of aqueous HCl and agqueous ammonia. At a measured pDb of 0.5,

there was no change in the A¢§ for 1,4-anhydroerythritol and l}4—anhydro—

1,2

threitol up to the limit of resolution ; 0.5 Hz. In 2.47 molar NHB'

pD = 11.6, there was no change in Adl 2 up to the limit of resolution. In

1

2.47 molar NHB' the concentration of ammonium ion is negligible.
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Figure 16, Plot of Aél 5 of 1,4-anhydrothreitol, 0.27 molal, in‘D2O

upon addition of NH4Cl. Spectra taken at room temperature

on TT 14.
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The effect of the variation of temperature may be studied in any
investigation of equilibrium phenomenon. Figure 17 shows the change in
the chemical shift of C(l) (with respect to reference dioxane) of 1,4~
anhhydroerythritol in DZO with changing temperature. The solid line
represents the best fit parabola, which is meant to indicate the trend
only. The trend clearly shows an initial shift upfield towards dioxane
with increasing temperature, the chemical shift reachiﬁg a minimum at about
55° C,‘and a downfield shift with further increase in temperature. Figure 18
shows the corresponding trend for C(2). The best fit straight line again
simply indicates the trend.

Figure 19 shows the plots of the C(l) and C(2) chemical shifts of 1,4~
anhydroerythritol, 0.2 molal, in CDCl3 at various temperatures. In contrast
to the previous two plots, monotonic behaviour of the shifts is evident and
the least squares fit parameters are shown on the Figure. Figure 20 shows
similar plots for 1,4-anhydrothreitol, 0.1 molal, in D20 as a function of
temperature. Again, monotonic behaviour is evident.

1,4-Anhydroerythritol in aqueous solution clearly undergoes a unique
interaction with the solvent. The conclusions one would make from the data
presented in Figures 17 - 20 are that, because of its geometric features, 1,4-
anhydroerythritol is capable of a specific interaction with water and ammonium
ion to an extent that 1,4-anhydrothreitol is not. The equilibrium of this
interaction is controlled by the activity of the weter, which is temperature
dependent since at higher temperatures kT allows the disruption of water
clusters to form ultimately more water monomers. Chloroform is relatively\
inert to these two compounds due to its more nonpolar character compared to

water. In order to test these assertions and couterproposals, it is neces-

sary to establish a model which adequately reproduces the data.

= £E SR R

=
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Figure 17. Plot of C(1) chemical shift relative to reference dioxane
versus temperature of 1l,4-anhydroerythritol at 0.1 molal

in D20. Spectrum from XL 100.
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Figure 18 . Plot of C(2) chemical shift relative to reference dioxane
versus temperaturé of 1,4-anhydroerythritol at 0.1 molal in

D20. Spectrum from XL 100.
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Figure 10. Plots of C(1) and C(2) chemical shifts of 1,4-anhydroery-
thritol, reference dioxane, 0.2 molal in CDCl3 versus

temperature. Spectrum from XL 100.
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Figure 20 .

Plots of C(1) and C(2) chemical shifts of 1,4-anhydrothreitol,

0.1 molal in D20, versus temperature. Spectrum from XL 100.
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Table V shows the induced 13c chemical shift in 1,4-anhydroery-

thritol, 0.13 molal, in D_O with the addition of NH Cl. Dioxane was

2 4
used as the reference. Spectra were obtained on the TT 14, at 16.08 MHz
at room temperature. Temperature of the sample is not known due to

dielectric heating of strong electrolyte solutions by intense RF fields.
In spite of this limitation, reqular trends in the chemical shifts can be
seen.

The activity values at various concentrations of NH4C1 shown in
Table V were obtained from Figure 21 , produced from data in reference
[ 751, which gives the dependence of activity on concentration at 25°C.
Activities must be used since solutions of NH4C1 are kriown to depaft
significantly from ideality.

If one assumes a model in which equilibrium with a 1:1 complex is
achieved and in which, because of a small equilibrium constant and small

concentration of the donor species, corrections to the free salt concen-

; 5 : 1 , , .
tration need not be made, then the observed 3C chemical shift is

i i
(69) ai _ GD + Gc K [5]
: obs 1 + K [S] !
(see eqn. # 68 . bage 54 ), where 6;, 62 are the chemical shift

values of a given nucleus in the free donor and in the molecule complex,
respectively, and K and [S] are the equilibrium constant and the total salt
concentration respectively. Since we have shown activities must be used instead

of concentration, equ. (69) becomes
i i
+
‘ ; Gi GD | GC K aS
(70)_ obs 1 + Ka

S
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Figure

21.

Smoothed curve representing the mean ionic activity coefficient,

Y,, of aqueous ammonium chloride at 25° ¢ as a function of

molality, m ([75].
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where a_ is the mean ionic activity of the salt and now K is defined as

byl

(71) K = ¢ r in terms of activities of donor, ap, salt, ag, and of
2p?s
complex ag.
In order to analyze the data presented in Table V  the model above

was coded in FORTRAN subprogram form, with appropriate derivatives as shown,

SUBROUTINE FUN(F,D,P,X)

DIMENSION D(1),P(1),X(1)
F=(P(1)+P(2)+P(3) *X(1))/(1.+P(3) %X (1))
D(1)=1./(1.+P(3)%X(1))
D(2)=P(3)xX(1)/(1.+P(3)*X (1))
D(3)=(P(2)~P (1)) *X(1)/(1.+P (3)*X (1)) #%2
RETURN

END

Non-linear regression analysis gave the parameters shown also in Table V

(X, Note that the Kvalues predicted by C(1),

AS
6free, GBound, Bound)

Cc(2), and Adl 2 are the same and that there is consistency amongst the
14

1 2 1 2

$ .
free' “free' “bound’ “bound’ and A and A9 values The

1,2 free 1,2 bound
predicted chemical shifts are calculated from the parameters determined in
the regression analysis and they reproduce the measured values adequately.
A word of caution is necessary in interpreting the value of this
analysis. We have seen that the 13C chemical shifts of 1,4-anhydroery-
thritol are temperature dependent and no critical examination of this
Phenomenum has been offered as yet. The shifts given in Table V were
measured without temperature contrql. Temperéture was not part of the
model. Furthermore, the assumption of only a 1:1 complex in a simple

equilibrium is an assumption of this analysis that has not been given

critical consideration.
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Before going on to the temperature problem, it may be remarked that
the roles of the donor and the acceptor may be reversed. In an attempt to
observe an interaction between 1,4-anhydroerythritol and lysine

+ + - . 13 .
( NH3(CH2)4CH(N H_)COO ) in neutral solution, the C spectrum of lysine,

3
0.13 M, was observed while the conceptration of 1,4~anhydroerythritol was
varied. Due to the low solubility, measurements were taken only up to

0.89 Molar in l,4~énhydroerythritol. At this concentration, upfield shifts
felative to the y carbon of lysine were observed for the o methine carbon
(+1.5 Hz) and the € carbon ( 0.6 Hz). Both the a and e carbons are bonded
to amino functions and the Aél,Z of 1,4-anhydroerythritol showed'gn incréase
of 0.35 Hz. This indicates an interaction of 1,4-anhydroerythritol with
the amino functions of lysine, with a concomitant shielding of the directly
bonded carbons.

‘sfheré are many conceivable approaches to the rationglization of thg
anomalous temperature behaviour of carbon C(1) of 1,4-anhydroerythritol in
D20 solution, as depicted in Figure 17 , as presented before. A conforma-
tional equilibrium of this non-rigid molecule is a possibility which might
entail interconversion between an envelope and a half chair conformation
during the making and breaking of an intramolecular hydrogen bond bétween
adjacent cis hydroxyls [ 76 1. There must be some participation of the
sol?ént’for this to be the case, however, because the temperature dependence
of C(1) of 1,4-anhydroerythritol in CDC13, Figure 19, shows an entirely
different trend. The way in which a conformational equilibrium, or any

equilibrium in which there is no stoichiometric change, may produce a

temperéture trend in the chemical shift,as is shown in 1,4-anhydroerythritol
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is depicted in Figure 17, where the shifts of C(l) change sign after a.
certain temperature is reached. The explanation is that there must be

.equilibria with at least three states, i.e.

AJBTJ7C , with free energies of

such states of order as

C [ —

aG o, Tac
BC
B (PO ———
R Ta Gpp
and chemical shifts out
of order, say,

B A C 6]

downfield £ l l ] :

The expression for the observed shift is

—AGAB/RT —AGAC/RT

(73) :
GA + GB e + GC e

$
obs —AGAB/RT —AGAC/RT
1l + e + e .

Then, as the temperature increases, the ratio of the populations of B to A
‘'will rise, driving the shift first downfield, then, with further increases in
T, the relative population of C will become large enough to force the

avérage observed shift upfield again. Since conformational changes result
in little entropy changes unless there is a change in the symnetry, most of

the free energy differences between such states is accounted for by the
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enthalpy of the states.

The five parameter model giveh above was used for a regression analy-
sis of the data, shown in Figure 17,18. After many initial parameter value
estimates, no initial values iterated to a minimum solution which reproduced
the main features of the data. Two possibilities are suggested: (1) the
data does not have the functional form of the model, in spite of the observed
minihdm, or (2) there is a paucity of data and it is of too poor a quality to
alio@ a five—parameter fit. The evidence of Figure 19 , the temperature trend
in CDC13, would tend to support possibility (1).

Further l3C data were collected. This was collected with temperature
control and the recording of the various temperatures, and also with the
addition of measured amounts of NH Cl in D20. The reasoning for this was

4

that a large enough data set could explain the compleXity of the observed

phenomena. This data is shown in columns 4 - 7 in TABLE VII.
: ’ , +

Water was assumed to act as a ligand species, along with NH4, and the acti-
cas + R : .

vities of water and NH4 at different temperatures and concentrations of

NH4C1 were determined as explained in the thermodynamic sSection. The

calculated activities of water and NHZ are shown in Table VII.

A general model, with undetermined stoichiometry, may be constructed

13

for the dependence of the C NMR chemical shifts upon the temperature and

upon the activities of the two ligand species. Ignoring reactions with no

K

stoichiometric change, this expression for 6obs is
(74) . /i
\ 5+ oz e 93/ @)l (a)?
sk _ o] R & W A
obs =
1 + % i
e (aw) (aA)

ij
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Figure 22. FORTRAN Subprogram encoded to represent conformational

equilibrium model as given by equation (73).



SUBROUTINE FUN(F,D,P,X)

DIMENSION D(1),P(1),X(1)
R=1.98717
T=X(1)+273.
X1=EXP (~-P (4)/ (R«T))
X2=EXP (=P (5)/ (R«T))
DEN=1.+X1+X2
NUM=1.+4+P (2) *X1+P (3) xX2
F=P (1) *NUM/DEN
D (1)=NUM/DEN
D(2)=P (1) xX1/DEN
D (3)=P (1) *X2/DEN
D(4)=P(1)* (~-DEN*P (2)/(R*T) *X1+NUM/ (R«T) #X1) /DEN* %2
D(5)=P (1) * (~DEN#*P (3) / (R*T) *X2+NUM/ (R*T) *X2) /DEN#* %2
RETURN

END

76b.
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where gij = AGi. = AH,, -~ TASi. ’
(75) J 1) J

which corresponds to the free energy of the reaction
E i E*iW-jA ] 1=1,2,.0.4y j=1,2,.... “

where E is the substrate, W is water, and A is ammonium. The expression
for ngé accounts for the population averaging of all reactions within the
allowéble‘bounds of i and j, the number of each ligand. 65 is the shift of
nucleus K in the free substrate and Gij that of the ligated substrate. This
function;l model, with its necessary partial derivatives, was coded in sub-
program form (shown in Appendix II ) for non-linear parameter estimation
using various available and modified programs. Specification of the stoi-
chiometry in the model using decision table logic, an efficient pfogramming
technique, allowed the comparison of models with different stoichiometries.
The imposition of linear equality constraints upon the thermodynamic para;
meters gave free energy values at 300° K.

To give an example, by way of explanation, the stoichiometry implied

by the reactions

E 2 EW I E-A gives rise to
(76) —gW/RT -g_/RT
§ + §, -e -a + 6 ‘e A *a
GK - o W W A A
obs —gW/RT . =g /RT
1 + e *a + e A a
W A
. . . - - A )
with gw AHW T Sw ’
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1

o
(77) AGW (300" K) AHW - 300 ASW ’ and

it

o :
G 007K - .
A A (3 ) AHA 300 ASA

The number of parameters appearing either explicitly or implicitly in the
regression model depends upon the stoichiometry chosen. |

Table VI A.~G. shows thé results of the parameter estimates and
the residual mean square values for six models chosen in an attempt to
explain the observed data. Model E. differs sligatly from the rest in that
it includes a term for a non-stoichiometric change, i.e. a conformational
equilibrium. A. and B. give the results for the same model but, in the
case of A;, it is calculated using a double precision modification of
BMDX85 [59] while, in B., additional parameters andvlinear equality con~-
straints, to give AG values at 300° K, are included in a calculation using
BMDP3R [60 j. The results are very similar and the model used in calcu-
lations A. and B. gives the smalle;t value of the residual mean square, indi~

cating that, of the six models, it is the best for the given data. The

standard deviation estimates for the thermodynamic¢ parameters (AHlo = El0,...,
ASlO = 810,...) appear large and the standard deviations estimates for

2
B120 = 51 and B220 = § also appear large, as does that for G20 = AG_ . It

20 20 20

mustvbe noted, however, that the relatively small temperature range employed
does not allow the determination of the temperature effect upon AG uneqﬁi—
vocally. The relatively small standard deviations estimated for Gl0, GOl1,
and Gll are good as far as other calorimetric techniques are concerned. The
standard deviation estimates of B120 and B220 are indeed not reliable esti-

mates because, if B120 were to assume its lowest range; then the anomalous

. . 1 ; . :
minimum in GObS(T) would not be reproduced for values of B120 < B110.



79a.

TABLE VI a

Parameter Estimates for Non-linear Models

Model: E < E*H,0 2z E-NHZ :} E-NHZ‘HZO b E-2H,0

A. BMDXB85/NAUGLER - B. BMDP 3R
ﬁzzidgziare .000056886 ‘ .0000568878

Estimate *  S.D. Estimate *  S.D.

B10 4.289 . .011 ppm 4.289 .011 ppm
B110 4.231 .035 4.231 .035 ®
B101 4.118 .069 " 4.118 .069 " .
B111 4.171 .098 " 4.171 .098 "
B120 4.84 8.58 " 4.85 , 9.14. "
EL0 -1300. 2800 cal/m -1300. 2900 cal/m
EOL 3100. 1800 " 3100 1900 "
E1ll 7600 8200 " 7600 8000 "
E20 -3700 13000 " -3700 15000 "
S10 -5.4 9.7 e.u. -5.5 9.6 e.u.
S0l 6.0 7.0 " 6.0 6.7 "
s11 14.3 . 25.5 " 14.3 26,1 "
$20 -23.4 65.4 " -23.6 59.0 "
B20 4.58 .04 pbm 4.58 .04 ppm
B210 5.01 .14 " 5.01 .14 "
B201 5.72 .41 " 5.72 .41 "
B211 5.54 .47 " 5.54 .47 "
B220 6.92 26.95 " 6.98 (28.72 )
Glo . = — —_— 352, 63. cal/m
GOl —_—  — 1263. 108. cal/m
G11 — — 3320. . 433, ¢
G20 —_— —_— 3366. 2334, "




TABLE VI b

C. Model:
E T E'HO 2 E-NH ¥ E*2NH' 2 E-2H_0
2 4 4 2
;::id:giare 00014997 not converged
Estimate * S.D.
B10 4.296 .025 ppm
B110O 4,226 .059 ¢
B101 4.079 .593 "
B102 4.233 .056 "
B120 4.841 11.35 "
E10 -3600. 4200. cal/m
EOL 5600 8600. "
EO2 <1000 BldO. "
>E20 7200> 13000, "
510 -12.4 14.9  e.u.
S01 13.5 32.9 "
s02 -8.2 29.0 "
S20 -33.9 72.9 "
B20 4.52 11 ppm
B210 5.02 .35 "
B201 5.92 3.25 "
B202 5.05 .18 "
B220 7.16 39.2 "

D. Model:
EZE H,0 7 E*2H,0 e E'NHZ-Hzo -
E-NHZ pa E-2NHZ
000061434 not converged
Estimate + S.D.

B10O 4.287 .009 ppm
B110 4.239 .020 "
B120 4.492 1.030 "
B11ll 4.091 371 ¢
B10l 4.194 120 "
B102 7.310 41.09 "
E10 -1300. 3000. cal/m
E20 -1900. 9700. cal/m
’Ell 3300. 1500. "
EOL 4500. 3700. "
EOQ2 2900. 6700. "
S10 -5.5 10.4 e.u.
520 -17.0 : 35.5 "
S1l1l 1.1 0.0 "
S01 12.7 15.3 "
S02 -7.6 25.8 "
B20 4.58 .04 ppm
B210 5.02 .14 v
B220 5.86 3.29 »
B211 6.68 3.43 "
B201 5.05 .52 "
B202 100.0 0.0 "




TABLE VI
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E. Model: .
E
. H20,NH
e 5 E'H20
E'NH+
4
unstable, does not converge
F. Model: G. Model:
3 oo + > . + 5
E 2 E-H O I E-NH E . E'H T E-2H_ O
4 4 2
Residual .000091 582 .000075217
Mean Square
Estimate S.D. Estimate S.D.
BlO 4.269 .006 ppm B10O 72.59 29.27 ppm
B110 4.260 .o18 " B110 4.220 .013 "
B101 4.027 .015 " B1l0ol1 4.167 .031 "
E10 -7000. 1900. cal/m B120 5.352 .104 "
EOLl 1100 800. " E10 -3900. 2800. cal/m
s10 -26.5 7.9 e.u EOL 8500. 2700. "
S01 -2.1 4.0 " E20 10000. 0.0 "
B20 4.43 .13 ppm S10 2.7 2.6 e,u.
B210 6.26 1.82 SOl 39.4 0.0 "
B201 6.35 .99 " S20 =-21.4 8.1 "
B20 -48.4 30.3 ppm
B210 4.56 220"
B201 5.58 15 "
B220 5.98 1.27 "
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Likewise, if B220 assumed its lowest range consistent with the standard

N . 2 .
deviation estimated, then 60 S(T) would show an anomalous maximum. One

b

concludes that all parameters associated with the formation of the double
hydrate have standard deviations whose estimates are unreliable and.too
great, possibly because of outliers in the data.

Table VII opresents a list of predicted dependent variables, the
residues,. the estimated standard deviation of the predicted value, the

independent variables aH o’ a+(NH Cl), and T, and the observed chemical

2

shifts, dibs' The agreement is good and most residues’ are within spectro-

4

meter error (+.005 ppm).
Table VIIIshows the asymptotic correlation matrix of the parameters
for the "correct" model, and a legend on the caption page that explains

the symbolism. It is noted that, as expected, the AHij and Asij have a

high error correlation. However, the AG values have relatively low inter-
correlations. Thus, they may confidently be estimated independent of the
errors of the others. In other words, the model gives a picture in which

the four equilibria involved appear well-resolved. Amorg. the § estimates,
the error correlations may be thought of as arising from coupling through

- the common reference, dioxane, or through coupling of errors in populations
of reaction steps that are éhained.

Figure 23 shows a plot of the predicted and observed values of SK,
the T3¢ chemical shift of C(1) and C(2) of 1,4-anhydroerythritol. The
pfoximity of the predicted (P) and observed (0O) values is’immediately
appareht. ‘These values are grouped with the C(l) values appearing at the

bottom of the graph and the C(2) values at the top. The co-ordinate axis



TABLE VII a

Independent, Observed and Predicted Variables of "True Model"

4.28117
4.27716
4.27716
4.26746
4.26633
4.25919
4.25761
4.25756
4.25756
4.25869
4.25958
4.26381
4.26506
4.27997
4.28348
4.25140
4.26526
4.25813
4.25177
4.25286
4.26002
4.25216
4.26065

4.27314

4.25431
4.24628
4.24894
4.24828
4,25653
4.25089
4.23918
,-4.24188
4.24159
4.23847
4.23298
4.23420
4.23782
4.24299
4.22746

Y-F

0.00383
-0.00116
0.00184
-0.00246
~0.00133
0.00381
-0.00461
0.00044
0.00644
0.00131
-0.00458
0.00619
0.00694
0.00003
~-0.00048
-0.00140
-0.00426
~0.00013
0.00323
0.00314
-0.00202
~0.00016
-0.00065
-0.00014
0.00069
-0.00428
~-0.00194
-0.00328
-0.00753
-0.00289
~-0.00118
-0.00288
-0.00559
-0.00047
0.00502
-0.00020
0.00018
0.00701
0.00454

STANDARD
DEVIATION
OF ESTIMATE

0.00484
0.00345
0.00345
0.00322
0.00328
0.00293
0.00240
0.00237
0.00237
0.00246
0.00258
0.00292
0.00297
0.00415
0.00501
0.00197
0.00245
0.00255
0.00216
0.0019%96
0.00228
0.00189

0.00230

0.00438
0.00227
0.00212
0.00190
0.00186
0.00262
0.00348
0.00228

0.00224

0.00220
0.00371
0.00278
0.00267
0.00352
0.00569
0.00444

a
H20

0.22610
0.41375
0.41375
1.19310
1.33921
3.18329
4.96697
5.20986
5.20986
8.25408
2.42003
13.78591
14.95883
28.65968
31.98219
4.77089
0.66293
1.44260
3.92823
8.65759
16.86263
7.58022
17.53966
31.85628
1.03995
3.59356
10.77115
9.89508
20.43385
0.60783
3.95982
10.24518
9.82107
1.11332
3.94185
7.50398
13.49784

'23.84517

1.81411

VARIABLES
(0]
44 (NH C1) T, C
4
0.0 2.00000
0.0 11.00000
0.0 11.00000
0.0 28. 00000
0.0 30.00000
0.0 46.00000
0.0 55.00000
0.0 56 .00000
0.0 56.00000
0.0 66.00000
0.0 69.00000
0.0 78.00000
0.0 80.00000
0.0 97.00000
0.0 100.00000
0.68870 55.00000
0.70685 19.00000
0.70340 32.00000
0.69192 51.00000
0.67666 68.00000
0.65918 84.00000
0.67963 65.00000
0.65801 85.00000
0.63827  101.00000
1.37267 27.00000
1.34836 50.00000
1.30276 74.00000
1.30716 72.00000
1.26461 90.00000
2.23673 19.00000
2.18914 53.00000
2.11951 74.00000
2.12333 73.00000
3.07183 30.00000
3.00700 54.00000
2.94239 68,00000
2.86352 82.00000
2.76739 97.00000
4.09749 40.00000

8la.

4.28500
4.27600
4.27900
4.26500
4.26500
4.26300
4.25300
4.25800
4.26400
4.,26000
5.25500
4.27000
4.27200
4.28000
4.28300
4.,25000
4.26100
4.25800
4.25500
4.25600
4.25800
4.25200
4.26000
4.27300

-4.25500

4.24200
4.24700
4.24500
4.24900

"4.24800

4.23800
4.23900
4.23600
4.23800
4.23800
4.23400
4.23800
4.25000
4.23200



4.63884
4.67079
4.67079
4.75645
4.76783
4.85991
4.90881
4.91404
4.91404
4.96439
4.97891
5.02160
5.03102
5.11263
5.12813
4.94133
4.75585
4.82313
4.92168
5.00274
5.07734
4.98880
5.08210
5.16186
4.83713
4.94775
5.05501
5.04605
5.12960
4.84830
4.99819
5.08481
5.08054
4.94132
5.03535
5.08776
5.14499
5.21347
5.02733

-0.00684
0.00221
0.01121

-0.00445

-0.00083

-0.00691
0.0041°

-0.00004

-0.00404
0.00361

-0.00191
0.00640

-0.01802

-0.01063
0.01587

~0.00433

-0.00085
-0.00213
0.01532
0.00626
0.00266
0.00920
0.00290
-0.00886
0.00087
0.00025
0.00499
0.00895
0.00640
-0.00530
-0.02319
-0.01881
-0.00854
0.00768
0.01365
0.00124
0.00501
0.00153
-0.00133

TABLE

STANDARD
DEVIATION
OF ESTIMATE

0.00649
0.00392
0.00392
0.00429
0.00417
0.00373
0.00308
0.00302
0.00302
0.00302
0.00322
0.00381
0.00394
0.00482
0.00550
0.00250
0.00344
0.00353
0.00278
0.00224
0.00316
0.00226
0.00328
0.00636
0.00397
0.00347
0.00249
0.00243
0.00445
0.00629
0.00357
0.00307
10.00305
0.00432
0.00403
0.00407
0.00453
0.00712
0.00628

Vii b

a
H20

0.22610
0.41375
0.41375
1.19310
1.33921
3.18329
4.96697
5.20986
5.20986
8.25408
9.42003
13.78591
14.95883
28.65968
31.98219
4.77089
0.66293
1.44260
3.92823
8.65759
16.86263
7.58022
17.53966
31.85628
1.03995
3.59356
10.77115
9.89508
20.43385
0.60783
3.95982
10.24518
9.82107
1.11332
3.94185
7.50398
13.49784
23.84517
1.81411

VARIABLES
O
84 (NH C1) I, C
4

0.0 2.00000
0.0 11.00000
0.0 11.00000
0.0 28.00000
0.0 30.00000
0.0 46 .00000
0.0 55.00000
0.0 56.00000
0.0 56.00000
0.0 66.00000
0.0 69.00000
0.0 78.00000
0.0 80.00000
0.0 97.00000
0.0 100.00000
0.68870 55.00000
0.70685 19.00000
0.70240 32.00000
0.69192 51.00000
0.67666 68.00000
0.65918 84.00000
0.67963 65.00000
0.65801 85.00000
0.63827  101.00000
1.37267 27.00000
1.34836 50.00000
1.30276 74.00000
1.30716 72.00000
1.26461 90.00000
2.23673 19.00000
2.18914 53.00000
2.11951 74 .00000
2.12333 73.00000
3.07183 30.00000
3.00700 54.00000
2.94239 68.00000
2.86352 82.00000
2.76739 97.00000
4.09749 40.00000

81b.

=2
8
obs

4.63200
4.67300
4.68200
4.75200
4.76700
4.85300
4.91300
4.91400
4.91000
4.96800
4,97700
5.02800
5.01300
5.10200
5.14400
4.93700
4.75500
4.82100
4.93700
5.00900

5.08000

4.99800
5.08500
5.15300
4.83800
4.94800
5.06000
5.05500
5.13600
4.84300
4.97500
5.06600
5.07200
4.94900
5.04900
5.08900
5.15000
5.21500

5.,02600
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Asymptotic

B10
B110
B101
B111
B120

ElO
EO1
Ell
E20
slo
S0l
s11
S20
B20
B210
B201
B211
B220
G10
GOl
Gl1

G20

TABLE VIII

Correlation Matrix of the Parameters

- §l
0
- sl
10
- sl
01
- &1
11
- sl
20

- AH
10

- AH
01

- AH
11
- AH
~ 20

- AS
10

.- AS
01

- AS
11

AH
10

AH
01

AH
11

" AH

20

300AS
10

300As
01

300AS
11

300As
20
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83a.

Figure 23

Plot of activity of water versus predicted and observed

variable, DELTA C13.
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84a.

Figure 24 . Plot of activity of ammonium ion versus predicted and

observed variable, DELTA C13.
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85a.

. Figure 25, Plot of temperature versus predicted and observed variable,

DELTA Cl3.
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86a.

Figure 26. Plot of activity of water versus residuals.

1 - one point per grid point

2 - two points per grid point  etc.
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Figure 27 . Plot of activity of ammonium ion versus residuals.

1 - one point per grid point
2 - two points per grid point

3 - three points per grid point » etc.
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Figure 28 .

Plot of temperature versus residuals.

1 - one point per grid point

2 - two points per grid point

etc.
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Figure 29 .

Plot of predicted variable DELTA Cl3 versus residuals.
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Figure 30 |

Plot of predicted variable DELTA Cl13 versus residuals

squared.

1 - one point per grid point

2 - two points per grid point

w
1

three points per grid point

4 - four points per grid point
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Figure 31 .

Normal probability plot of residuals.
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Figure 32 . Detrended normal probability plot of residuals.
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is the activity of water. Because the other two independent variables,

aNH+ and T, are projected onto the plot, the trend with respect to a

y H20
is not perfectly defined. However, C(2) defines some sort of curve and
C(l) decreases and then increases. The greater number of coincidences (x)

within grid points for the C(l) group indicates a smaller scatter as a
group.

Figure 24 ‘shows a similar plot where, now, the coordinate axis 1is
the activity of ammonium. The C{1l) and C(2) groups have their same rela-
tive positions as in Figure 23 . C(l), at bottom, appears to follow a

straight line downward with a little scatter (due to T and aH O). The
2

great scatter of C(2), however, indicates that it is more sensitive to the

influences of aH o and T, which are projected onto the plot.
2

Figure 25 1is a plot of GK versus temperature. It bears some resem-
blance to Figure 23 ; Since the activity of wgter is most sensitive to the
temperature. In spite of projection of the other variables, the trendvin
C(l) appears to first decrease and then to increase with T.’ However, C(2)
appears to scatter uniformly about a straight line upwards.

The plots of the residuals are useful for analyzing the extent of
unexplained trends. Figure 26 depicts a plot of residuals versus the
activity of water. The greatest number of residual values are seen to be
between -~.008 and +.008. The spatial density of pointskreflects the
sampling inherent in the data. The likelihood of having a large residual

value for a small value of a, o appears to be about‘the same as that for a
2

large value of a4 o The likelihood of having a small residual value appears

2

to be independent of the value of aH o Thus, the residual values appear not
2

to be correlated with a .
H20
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Figure 27 shows a plot of the residuals versus the activity of
ammonium ion. Most points again (and consequently) fall between -.008

and +.008. As in Figure 26 a number of anomalously large or small residue

values are apparent However, these values do not appear to be correlated

in occurence with either large or small values of aNHZ' Hence, the errors
appear to be independent of aNHZ' Most of the same arguments given for
Figure 26 apply here. In particular, the likelihood of having a large residual
value for a small value of aNHZ appears to be about the same as that for a large
_ Value of aNHZ . Like-wise, the likelihood of having a small residual

.Galﬁe appears to be independent of the value of a_ 4+ .

NH4

Figure 28 gives the plot of the residual values versus the temperature;
T;_ Similar arguments as given in the discussion of Figures 26 and 27
apply to Figure 28 . However, the largest and the smallest residue valueé
lie ‘'on the extremes of the graph, between 53o and 80o C. These appear.to
be outliers, separated as they are from the rest of the dispersion. This
may suggest an error in the temperature determination for these ébseIVations.
Temperature measurements were obtained using a double junction copper-constan=«
tan thermocouple, which may be subject to failure by electrolytic corrosion.

Figure 29 shows the plot of the residuals versus the predicted 13C
chemical shifts. These are separated into two groups, the C(l) values to
kﬁhe left and the C(2) values to the right. It is clearly apparent that
there are two error distributions. The errors associated with C(1l) are
smaller than those for C(2). This may be because the C(1l) line positions

are more accurately determined because it lies closest to the reference,

dioxane. Or, alternately, since C(2) is more sensitive to ¢hanges in the
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dependent variables, it may reflect more fully the errors in those values. A
third hypothesis is that the C(2) carbon, with its hydroxyls protruding into
‘the solution, is more sensitive to "impurity" effects such as those of
residual dissolved oxygen or other unknown agents not readily controlled.
Figure 30 shows the magnitudes of the residuals, i.e. the residuals
squared versus the predicted 13C chemical shifts. Many of the considerations
given for Figure 25 apply here. However, a trend is noticable. The magni-
tude of the residuals appears to correlate with the value of § for C(2).
This suggests that the predictability of dsbs decreases for greater values of
62 where a.

a
o’ Ht
obs H2 N 4

of data. There is less data for the larger values of the independent variable

» and T are greatest. This reflects the uneven sampling

for which a prediction of dsbs can be made. A greater sample size for the
data would correct this flaw.

é Figure 31 shows the normal probability plot of the residuals. Such
graphical means may be used to investigate the probability distribution of
the errors [49,56,60]. The expected normal value, i.e. the ith ordered
\value selected from a normal distribution, with the computed mean and variance
as the given set of residues, is plotted against the ith fesidue.v For a
distribution of errors following a normal distribution, such a plot should
ffappfoximate a straight line. The distribution is seen to be somewhat curved
:at £he ends.

A detrended normal probability plot displays the deviation of the error

from the straight line expected of a normal probability plot. Figure 32 éhows
‘the distribution to be grouped in the upper right hand quadrant and in the

lower left hand quadrant. This is characteristic of a bimodal distribution.

The residues associated with C(2) have a broader distribution than those of c(l).
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6.1

Tests of Significance

1. The serial correlation, or autocorrelation (see page 99), of
the residuals for the "true model"™ was calculated to be r = 0.231. Applying

the t-test [52,56,77 ] for the hypothesis H:p= 0 gives the statistic

(78) t = = 2,057

for 77 degrees of freedoms, whereas t.95 = 1.66, while t.99 = 2,36. Thus,

at the 5% level, we reject the hypothesis that the serial correlation is not
significantly different from zero, whereas, at the 1% level, we cannct reject
the hypothesis. Since p parameters have been determined, there are n residudls
associated with Only n - p degrees of freedom | 56], and, therefore,; there

ought to be some correlation amongst the residuals. Thus, the calculation

of the serial correlation does not reveal anything to be out of line.

S2. The residuals are grouped into those for C(1) and for C(2). The
correlation coefficient between these groups was calculated to be r = .04293.
Applying the t-test as above shows that the null hypothesis cannet be rejected
at the 1% probability level. Thus we could say that there is no eorrelation
between the errors for the two different carbons and the model adequately

represents each independently.

3. The standard deviations calculated for the residuals associated
with C(1) and C(2) were .00360 and .00876, respectively. The F-test for

one-sided alternatives [ 77,49] was applied to the hypotheses
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Since 2 ‘
" = 5.921 > P ‘ = 2.02,
(79) 91 38, 38,.01

we say that the difference is probably significant at the .01 level.

4. The significance of improvements in the error mean square due to
changes in the model may be tested using partial or seguential F-tests or the
R-factor ratio test [56,51,49 i. The R-factor ratio for n observations

and p parameters is distributed as

(80)

1
P _—
R . S E {"— F + lJ 2 .
p.n-p,o - \n-p p,n-p,a

Thus, for the "true model" (n=78, p=18), an R-factor ratio (alternately, RMS
ratio) of 1.311 is significant at the .005 level and 1.233 is significant at
the .05 level. Model A, Table VI  isthen significantly improved over C.
R /R = 2.,64.
1" o
A reduced model with bo fewer parameters may be given a test of

sighifcance with respect to a full model by comparing the R~factor ratio to

Rb . Thus, for F. ,
oln_pra

1.6099 > = 1.191

R8,60,.005

.00091582
. 00056886

and, so, Model F.would be rejected in favour of A. at the 0.5% level. - Similarly,

R, /R = ]1.322 >

1/R, R4,60,.005 = 1.130 for Model G. and it too would be

rejected in favour of A. at the 0.5% level.

In summary, then, the preponderence of evidence provided by the residual

analysis and the tests of significance demonstrate to all but the unredeemed
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skeptic that "true model" has indeed been shown. The value of this model

in predicting the chemical shifts and the thermodynamic constants of all the
species is limited only by the guality and quantity of the dataset used. 1In
hindsight, then, a further refinement would be obtained by collecting addi-

tional data for higher concentrations and higher temperatures.
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6.2
Normal Probability Plots [60]

The observed values are plotted along the horizontal axis. The
data values are ordered before plotting: the vertical axis corresponds to
the expected normal value based on the rank ot the observation. Let
X

X ... represent the data values after ordering from smallest to

(" T2y’

largest. The subscript (j) is the rank order of the observation. If N
is the total frequency, the vertical plotting position corresponds to the
expected normal value for the relative rank (j out of N) of the observation.

The expected normal value is estimated as
-1 ,
(81) ¢ T{(3j-1)/(3N+1)],

the standard normal value corresponding to the probability (3j-1)/(3N+1).

If the data are from a normal distribution, this line will be straight,

except for random fluctuations. In addition the serial correlation of
the residuals is printed. The serial correlation is defined as
1 A A
L (ww, )2 (y.-y.) (v, .=y, .)
(82) j3-1 i3 j-1 73-1
1
L2 g 2 =
{ Zw ly.~y)" Zw, (y. .-y. )7 }2
3575 3-1¥35-17Y5-1

where the summation is for j=2 to N and wj is the case weight for the jth
case (1.0 if there is no case weight). A large serial correlation indicates
a pattern in the residuals. Wheﬁ the data are ordered, such as by time, .the
pattern can be a result of a change in the method of data collection or an

omission of a variable from the regression equation.



100.

Detrended Normal Probability Plot [60]

This is similar to the normalbprobability plot except that the
linear trend is removed before the plot is printed. The vertical scale
represents the differences betweén the expected normal values and the
standardized values of the observations. That is, each observation is
transformed into a standardized value by subtracting the mean and dividing
by the standard deviation; i.e., 2z .. = (x .)—i)/s. We then compute

(1) (]

(83) o [ (35-1)/ (3n+1) ] - 25
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7.0
Calculation of the Activity Coefficient of Solute at various Temperatures

from values at 25O [75].

The chemical potential as defined by Gibbs [77,78].

oG
(84) o = n |T,p,n. ’
1 3
is seen to be the partial molal Gibbs free energy for component i, with all

other variables fixed. The activity, a, of a pure chemical species or

constituent of a solution is given general definition by the equation

o
(85) A, = RT In a, + u.
i i i
. . o . ., , . a s .
in which pi is its chemical potential in some arbitrary standard state. The

specific value of u? will depend on the concentrations scale and the standard
state chosen for a; -

It follows from (84 ) and (85 ) and the definition of the Gibbs free
energy, G £ H - TS, that the dependence of the activity upon temperature is

given by

- -0
1 = - -
(86) 9 1n ai (Hi Hi)

P
T p R T2

-0 .
where Hi is the partial molal enthalpy at the standard state. If we restrict

ourselves to the solute (i=2) [75] and introduce the relative partial molal

= = =0
entha}py, L2 z H2 - 5 v then
87) d In a2 = —L2
8 T P 2
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Differentiating £2 with respect to T serves to define the partial

molal heat capacity, ¢, and the relative partial molal heat capacity,

2
c - c° r at constant pressure. Thus
Py Py .
-0 -
o H o H - -0 J L . =
(88) 2\ 2 Y s e, = e = 22 ) =T,
5 T 3T P Py 3T

The stoichiometric mean ionic molal activity coefficient Y, r Or

practical activity coefficient is defined for a uni-valent electrolyte of

molality, m, as

1 1
(89) Y, = G,oy)»2 = (a ,a)2 /m
and (85 ) becomes, with this definition,
= 2 RT 1 + o
(90) Hy ny,m Mo
We thus have
21 1 /-1,
(91) Yy G
a T 2
p,m RT

If small variations of 32 with temperature can be neglected and if

i2 and 32 are known at some reference temperature, TR, then a good approxi-

mation for £2 is

(92) L2 = L_(T.) + J (TR) (T - TR)
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From eguation (91 ) and (92 )

(93)
__— m il 3’
L, (X Iy (IR 2 Tp) Tg
3 1ln Y,
+ - . . + :
o T 2RT 2 RT 2RT
P,m
Integrating (?3 )i
(94) _ _ _
" - ! J. (T
L, (TR) J, (TR) T 2{ R)
1n Y, = - . InT + I ,
2 RT 2 R
where I is an integration constant. If Y, (TR) at the reference tenpera-

ture TR is given, then I may be determined

(95) N B _
Ly (T = 3, (Tp) Ty J, (Tg)
= 1 - :
I ny, (TR) + In TR
2 R TR 2 R
Thus, combining (94 ) and (95},
(96)
T - T T - T 1 -
- J
In vy = 1ln vy (T ) + R L_(T.) = R - —1nT_/ T 2
+ + R 2 R
2RTT 2 RT 2R

In conclusion then, we now have a relationship which allows us to
determine the activity coefficient of a 1:1 electrolyte at any temperature

or concentration provided we have.
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1. the activity coefficient
2. the relative partial molal enthalpy
and 3. the relative partial molal heat capacity, as a function of
concentration and at a/given reference temperature.
The reference temperature most frequently chosen is 25° c.
Comparison of activity coefficients for NaCl, calculated using (96’),
with values obtained from boiling point or electromotive force measurements

showed agreement to +.001 {25 ]. This demonstrates the validity of the

Procedure.
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7.1

Determination of Partial Molal Quantities from Apparent Molal Quantities [ 75].

The mathematic definition of ié formally requires the infinitesimal
change of the quantity of solute with other variables fixed and the deter-
mination of the resulting change in heat content. Thermochemical measure-
ments of the molal enthalpy of solute are, however, in practice taken with
finite changes in solute concentration with the addition of solvent. The
héat of dilution of a binary solution, AHD (cl+c2) ; 1s measured calorimetri—
cally during the isothermal, isobaric addition of sufficient pure solvent to
change the concentration of one mole of solute from cl to a final value, c2.
In high diiﬂtion of an electrolyte, AHD is linear with the root molality, s0

linear extrapolation to zero molality gives the relative apparent molal

enthalpy (sign convention of reference [ 75])

(97) . = - AHD (c ~ 0) .

The relative heat content referred to the infinitely dilute solution, for

a solution containing n, moles of solute in n, moles of solvent is thus

(98) =
L n2 ¢L
and - _ 3 L 3
= — = +
(99) L, om, o "2 ; nL i
T,p:n 2

For molal concentrations,

(100)

L = 0] + m L or L = ¢ + L
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The total heat capacity of a binary solution may be expressed

., = 0
in terms of the molal heat capacity of the pure solvent, C ;, and the
1
apparent molal heat capacity of the solute, ¢c ’
P

(101) c = n, c + n_ ¢

o)
[
o]
B
Q

for a solution containing ny moles of solvent and n2 moles of solute.

Equation ( 101) may be transformed into the convenient form

P m

, . . o
where m is the molality of the solute of molecular weight M2 and cp and c
are the measured specific heats of the solution and the pure solvent, respec—

tively. The partial mclal heat capacity may be obtained from the apparént

molal heat capacity as before,

(103) c = ¢ + m c

(104) J = c - c
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The Activity of Solvent at various Temperatures and Concentrations of

Solute

When chemical equilibrium prevails, the chemical potential of a
component is the same in every phase. Consequently, at constant.tempera—
ture and pressure, the activity of a component of a system is the same in
every phase provided that it is defined in each phase in reference to the
same standard state. For a solvent A, containing a non-volatile solute;
the total vapour pressure abéve the solution is equal to the partial pressure
of the solvent. In the regime where corrections for non-ideality of solvent

vapour are small, the activity of the solvent is given by

kY

(105) a -

> 0

The standard state chosen for the definition of the activity of
solvent in solvation equilibria is the pure solvent in equilibrium with its
vapour pressure at a total pressure of one atmosphere and a temperaﬁure of
25° C. Vapour pressures at various temperatures and concentrations of

solute are readily obtained and activities computed.
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7.3
Thermodynamic Data used when Solvent is Water, Solute is Ammonium Chloride

7.3.0 The Activity Coefficient of Aqueous NH4C1 [ 74 ]

The isopiestic vapour pressure method[75,78,79]has been used to determine

the activity coefficients of NH Cl at 25° C from 0.1 m to saturation at 7.39 m.

4
The results are tabulated in TABLE IX - A representation of Yi(NH c1)
4
: . ins | i i i i i d of
plotted against molality NH4C1 is given in Figure 21 and o Yi(NH4Cl)

against v@??i{;?i in Figure 33 .

If two solutions of different salts are allowed to equilibfate through
the vapour pressure, then, at the isopiestic point, the activity of water is
the same in both solutions. One solution serves as a reference for which
the activity and activity coefficients are well known. Pairs of isopiestic
solutions for'NH4Cl with KC1 and NaCl as referencevare givén in Table ¥

The following relation [ 75] allows determinafion of the unknown

activity coefficient

(106) Iny, = 1ny + 1n Ry 2 R 1 —FR

R m 0 m /aR

YR and aR are the activity coefficients and activity reference and mR and
m are the molalities of the reference and the unknown in the isopiestic pairs.
m . .

R / m may be plotted against m and the seécond term evaluated at round

., i ‘ : ,
concentrations. A plot of( R / m—g ﬁﬁz ver sus /aR allows graphical

integration of the third term.

7.3.1 . Relative Apparent Enthalpy and Apparent Heat Capacity of Agueous

NH,CL at 25° ¢ 80

The unit of energy used is the thermochemical calorie, defined by
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TABLE IX

, . . \ . .. O
Isopiestic mean ionic¢ activity coefficients Y, of NH4C1 at 257 C;
m, molality (79]7. -

v

+

|
| =
|

0.770
0.718
0.687
0.665
0.649
0.630
0.625 -
0.617
0.609
0.603
0.592
0.584
0.578
0.574
0.570
0.564
0.561
0.560
0.560
0.561
0.562
0.563
0.564
0.565
0.566
90 (saturated) 0.566
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Figure

33.

Smoothed curve representing the mean ionic activity

e s . . O
coefficient, y , of aqueous ammonium chloride at 25  C
as a function of the square root of the molality,J m .

The points represent the tabulated values.
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TARBLI} X

[soplestic pairs (reference KCl/NacCt, NH4C].), molal concentrations ([79].

kel ", 1 kel i, C1 "kc1 i c1
0.2029 0.2026 1.405 1.407 2.739 2.763
0.3830 0.3834 1.586 1.589 2.996 3.028
0.7134 0.7141 2.050 2.055 3.813 3.880
1.065 1.067 2.544 2.563 4.526 4.647
1.085 1.087 2.655 2.673 — —

m .

Nacl “nmc1 "Nacl "t c1 "Nac1 " 1
4.268 5,043 5.278 6.580 5.732 7.328
4.398 5.244 5.323 6.659 5.768 7.390 (satd.)
4.472 5.352 5.485 6.919 — —
4.871 5.943 5.661 7.209 . —
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1 cal = 4.1840 J, and 1961 atomic weights. ¢L is shown in Table XI and
¢c in Table XII for agueous NH4C1 at ‘250 C. ¢c and ¢L are represented in
Figures 34 and 35 .

The chord-area method of Young gﬁ_él. ({ 80 ] and references cited

1 .
therein) is used to obtain values of ¢L. Chords A¢L /A (mj) are plotted

L
against m° on large scale graphs. . Extrapolation to infinite dilution is

3
L 2
made using the theoretical limiting value for d ¢L / dm’ of 472 cal/ mole 2

{751« A smooth curve is then drawn through all the data, giving greater
weight to the more reliable data.
Values of ¢ are obtained from measurements of the specific heat of
c
solutions [ 801]. The values for ¢c were plotted against m% on large scale

3
L 2
graphs using (d ¢C / damy 1 = 6.13 cal/deg mole 2 for the limiting

m* > 0

slope. A smooth curve is drawn through all the data.

7.3.2 Activity of Water [81]

values of the measured vapour pressure of water for pure water and

for various concentrations of NH4Cl up to the solubility limit and at

o) o) . .
temperatures from 0 C to 110 C are given in Table XIII.
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TABLE XI

.0
Relative apparent molal enthalpy, ¢L‘(cal/mole),of NH4C1 at 25 C (column 3);

m, molality; n moles of H?O containing one mole NH4Cl [801.

n m NH4Cl
o 0.00 0
500, 000 .000111 5
100,000 . 000555 10
50,000 .00111 14
20,000 .00278 22
10,000 .00555 29
7,000 .00793 34
5,000 .01110 40
4,000 .01388 44
3,000 .01850 48
2,;000 .02775 57
1,500 .03700 63
1,110 . 05000 70
1,000 .05551 73
900 .0617 76
800 .0694 79
700 . 0793 82
600 .0925 87
555.1 . 1000 88
500 .1110 92
400 .1388 98
300 .1850 105
277.5 .2000 107
200 L2775 117
150 .3700 124
111.0 .5000 131
100 .5551 133
75 .7401 136
55.51 1.0000 136
50 1.1101 136
40 1.3877 134
37.00 1.5000 133
30 1.8502 128
27.75 2.0000 125
25 2.2202 120

22.20 2.5000 114



TARLE XI a continued
m NH4Cl

20 2.7753 108
18.50 3.0000 104
15.86 3.5000 93
15 3.7004 89
.13.88 4.0000 82
12.33 4.5000 72
12 4.6255 69
11.10 5.0000 62
10 5.5506 53

9.5 5.8427 48

9.251 6.0000 45

9.0 6.1674 42

8.5 6.5301 36

8.0 6.9383 30

7.929 7.0000

29

113b.
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TABLE  xi171

Apparent molal heat capacity, ¢C (cal/mol/o), of NH4C1 at 25° ¢ (column 3);

m, molality; n moles of H20 containihg one mole NH4C1 [80].

n m NH4C1
w0 0.00 -13.5

500, 000 .000111 ...
100, 000 ©.000555 -13.4
50, 000 .00111 -13.3
20,000 .00278 -13.2
10,000 .00555 -13.1
7,000 .00793 -13.0
5,000 .01110 -12.9
4,000 .01388 -12.8
3,000 .01850 -12.7
2,000 .02775 -12.6
1,500 .03700 -12.4
1,000 .05551 -12.1
900 .0617 -12.0
800 .0694 -11.9
700 .0793 -11.8
600 .0925 -11.7
500 .1110 -11.6
400 .1388 -11.3
300 .1850 -11.0
200 L2775 ~10.3
150 . 3700 -9.7
100 .5551 -8.7

75 . 7401 -7.8

50 1.1101 -6.2

40 1.3877 -5.3

30 1.8502 -3.9

25 2.2202 -2.9

20 2.7753 -1.6

15 3.7004 +0.3

12 4.6255 1.9

10 5.5506 3.4

9.5 5.8427 3.8

9.0 6.1674 4.3

8.5 6.5301 4.8

8.0 6.9383 5.3

7.5 7.4008 6.0
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Figure 34 . smoothed curve representing the apparent molal heat

capacity ¢c (cal/mol/o) o f aqueous ammonium chloride at

o) ) .
25° C as a function of the square root of the molality,

JFH-. The points represent the tabulated values.
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Figure

35.

Smoothed curve representing the relative apparent molal
enthalpy, ¢L {cal/mol), of agueous ammonium chloride at
e} .

25" C as a function of the square root of the molality,

\/ m . The points represent the tabulated values.




116b.

MOLAL HERT CONTENT, CRL/MOLE
A, 00 25.00 50.00 75.00 100.00 125,00  150.00

N}

: 080

DE‘I

A1

ALITYIBN L1DOY TIRHN

.
- |

0h'e
1

0g8'¢e

RELATIVE RPPARENT MOLAL HERT CONTENT OF RAQUEOUS NHUCL AT 25 C

- =

= EE =



Vapour pressure (mm) of H20 of aqueous NH

TABLE XIIT

4

1

17.

Cl at concentrateion C (g NT%Cl/

100 g HZO) and temperatures t, (oc) [81].
p
Y .
t, °c 0.0 10.0 20.0) 30.0{ 40.0| s50.0! e60.0| 70.00 80.0
0 4.579 4.3 4.0| (3.8)
10 9.210 8.6 8.1 7.6
20 17.539 16.4 15.5 | 14.5 Saturated solutions
30 31.834 29.9 28.14f 26.3 | 24.7
40 55.34 51.9 48.9 | 45.8 | 42.9
50 92.54 86.8 81.7} 76.6 | 71.8| 67.5
60 149.46 140.2 132.0}123.6 |116.0| 109.0
70 233.79 219.3 }206.5 }{193.4 |181.4 | 170.5] 160.6
80 355.47 333.5 |314.0 | 294.1 |275.9 | 259.3] 244.2
90 526.00 493.5 |464.6 |435.2 |408.2 | 383.6| 361.4 1| 341.1
100 760.00 713.0 |671.2 {628.7 |589.8 { 554.3 | 522.1] 492.9
110 1074.5 1008 949 888.9 {833.8 | 783.7 | 738.2 | 696.8] 659.2
O,
t, C Pm C
a—NH4Cl

20 13.9 37.2

25 18.5 39.3

30 24.5 41.4
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7.4 .
Computational Procedure

7.4.0 TInterpolation, Approximation, Differentiation, and Smoothing using

Cubic Splines and Bicubic Splines [ 82 - 88].

The preceeding discussion indicates the need to evaluate differential
forms Y + X §~§-, where our knowledge of Y(X) is restricted to tabulated values
{(yi, xi)} of experimentally determined values of finite precision only,
approximating Y(X) up to experimental error and to evaluate a function
F(X,Y) when we have only a table {(fi, X, yi)} of experimentally determined
values. Cubic spline functions have recently proven themselves useful for

problems of this nature. A number of definitions are in order.

A cubic spline function.is a piece-wise cubic polynomical function, g,

defined for a given {(Yi, Xi)} such that s(Xi) = Yi’ which is continuous
and has continuous first and secorid derivatives. The continuity conditions,
plus two end conditions, s"(XO) = s"(Xn) = 0 for natural cubic splines, are

sufficient to determine the coefficients for the cubic in each subinterval

[X., 1. Thus, s(X) =Y, + ((C,,*D + C__)-D + Cy7) D, where xiibx <X,

1 Xi+l i 13 2 +1

and D = X - Xi . Consequently, s'(X) = (3-Ci3'D + 2Ci2)*D +'Cil.

Cubic spline interpolation of a tabled function {(Yi,xi)} involves the
determination of the spline coefficients and evaluation of the spline function
at a point in a given subinterval as in the last paragraph. When {(Yi,Xi)} R
contains experimental error, cubic spline interpolation gives a correspondingly
poor approximation, s(X). The approximation error is greater for s'(X) and
even greater for s"(X).

Cubic spline smoothing of a tabled function {(Yi, Xi)} involves the

determination of {(Qi,xi)} such that s(Xi) = Qi and the corresponding spline
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coefficients giving

X
n

(107) s" (x)2 dx , @ minimum, and

(108) where § Yi is an

s
It
0

i=0 § Y,
i

estimate of the standard deviation in Y.l and S is in the corresponding
confidence interval N - (2N)% S5 SN+ (2N)12 . Although the minimal
integral secondkmoment condition is satisfied for certain mathematical
functions, this may not be so for physically derived functions. However,
where this condition holds, it is shown that the approximation results in
a reduced error for s(X), s'(X) and s"(X) [86].

Least squares approximation by cubic splines of a tabled function

{(Yi. Xi), i=0, n}, at a given set of knots {xj, 3=0, m < n}, where

<
X < <

S X, X Xn , requires the evaluation of approximate {(yj, Xj)}

such that s(xj) = yj and the corresponding spline coefficients so that the

n
. , 2
mean squared error is at a minimum, i.e. Loy, - s(X)))"(X,.. =X,) /
- i=0 i 1 i+l i
(Xn - XO), a minimum. The least squares approximation is the most general

~procedure for minimizing the error due to approximation in s (X}, s'(x), and
s" (X) . Note: In the FORTRAN program given in APPENDIX I the cubic spline
smoothing method of approximation was chosen. the residual "wiggle" in
EQ shown in Figure 36 suggests that this is a poor choice.

A bicubic spline function is a piece~wise bicubic polynomial - in two
independent variables defined in rectangular subregions of a rectangular
region which has continuous first, second and mixed partial derivatives. Thus,

< <

<
o K Xn} X {YO

if we have F(X., Y.)., {X L S Ym} an approximation s(X, Y)
1 J
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Figure 36. Smoothed curve representing the relative partial molal

enthalpy, L. (cal/mol), of aqueous ammonium chloride at

2
25o C as a function of the square root of the molality,
J m , as calculated by the computational procedue given

as a FORTRAN program in APPENDIX I. The weighting function

chosen was (1 + JE)—l.
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Figure 37. Smoothed curve representing the partial molal heat capa-

city, c (cal/mol/o), of aqueous ammonium chloride at

p2
25° C as a function of the square root of the molality,

v m , as calculated by the computational procedure given

as a FORTRAN program in APPENDIX I.
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may be obtained where

3 3 . .
- i
(109 s, ) = T ¥ o (X-x) (¥ -y’
i=0 j=0
< < < < ffici
for XK - X XK+l ’ YQ _ Y Y%+1 . The coefficients cij are

determined by the required condition, of continuity etc.

7.4.1 The Problem

APPENDIX I lists the FORTRAN program which formally does the

following. Tabulated values of ¢C, ¢L,y+ and VA are read in, along with

concentrations and temperatures for which calculations are to be performed.

The following functions are constructed:

- 1 d o,
(110) L2 = ¢L + 2V it
avm
B, L d ¢

(111) c = ¢C + 2 ./m
Py adm

- _ _ (o]

(112) g, = ¢ - c
Py Py

o
(113) aA - VA(mI T) / VA (01 25 C)
. [ 298.1 - T \ - 298.1 -T _ 298.1
(114) Iny, (m, T) = 1ln vy, (250) + R* 298.1-T 2 - RT . T
(115) Y. {m, T) = exp (ln v,)

(116) a, (m T) = my, (m, T)

i+

)

5,



123a.

Figure 38. Flowchart of Program given in APPENDIX I.



[STARY ——)

(1)

(2)

(3)

read in (¢g, m)
(¢LI m)J
(Yir m) g
(VAI m, T) Lm
(m, 1)y

CALL DIFORMi )
Transform (¢q, m)4

N

(4)

(5)

CALL DIFORMJ
Transform (¢g,, m)4

N

Interpolate (y+, m)g
- spline coefficients

N

(6)

(7)

(8)

Bicubic interpolate
> Vp (0, 259)

(m, T)p » (V@, T)n

For every (J/&, T)p
Evaluate =
Lo (y®)

Jy (VW)
Y+ (V)

N

For every (Vm, T)n

Evaluate
Y+ (\/—ITT; T)

ax =m Yi
Bicubic Interpolate

a. = V{m, T)

A v(0, 25)

/

é*[ Output results |

123b..

(9) |pIForMi] ——3 (¥, )y
10
(10) (Y, y);
spline smooth
> (Y', Jm )y
(11) & spline coefficients
+(“ e
avm ' i
N
1 dvy
(12) +(Y+3JE‘ adm ’ﬁ>l
N/
(13) ] 8 y;=00 +Jm)
spline smooth
using weights
(14) | § Y; for spline
coefficients of
smooth
Y+%J1'n-——dY,\/I_n
\ dvm i
(15) Evaluate ,
; (y+-;-fa——-“,ﬁn)
!RETURN]<}——*—~- &m  /n
-Y° + ...

(16)
(17)
(18)
(19)
(20)

DATA

(9cr m)j
(¢Lr m)]
<VA, m,; T)lm
(m, T )h
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Output of FORTRAN program given in APPENDIX I. Column 2,4,5

are the independent variables appearing in TABLE VII columns 4,5,6.

Molality

NH4Cl

eNeNoNeoNoNeoNeNeNeolNoNeNoNeoRolNol
[eNelNeNeoNoNoNeNolololNoNoNoNo o]

1.179999
1.179999
1.179999
1.179999
1.179999
1.179999
1.179999
1.179999
1.179999
2.370000
2.370000
2.370000
2.370000
2.3700G0
3.919999
3.919999
3.919999
3.919999
5.440000
5.440000
5.440000
5.440000
5.440000
7.339999

Temperature

2.000000
11.000000

© 11.000000

28.000000
30.000000
46.000000
55.000000
56.000000
56.000000
66.000000
69.000000
78.000000
80.000000
97.000000

100.000000

55.000000
19.000000
32.000000
51.000000
68.000000
84.000000
65.000000
85.000000

101.000000

27.000000
50. 000000
74.000000
72.000000
90. 000000
19. 000000
53.000000
74.000000
73.000000
30. 000000
54.000000
68.000000
82.000000
97.000000
40.000000

Mean
Ionic

Activity
Coefficient

NH4Cl

1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1.000000
1. 000000
0.569523
0.599938
0.594111
0.574864
0.549797
0.521760
0.554636
0.519906
0.489174
0.578787
0.558469
0.521332
0.524858
0.491246
0.570813
0.546780
0.512551
0.514397
0.563886
0.540335
0.517364
0.490000
0.457655
0.554017

Mean
Ionic
Activity

NH4C1

oleoNeNoNoNoNoNoNololNolololNolle)
[>NeleNeoNoeNoNeoNoeNoNoNelNeoNoNole)

0.672037
0.707927
0.701051
0.678339
0.648759
0.615677
0.654470
0.613489
0.577225

1.371725

1.323572
1.235557
1.243913
1.164253
2.237585
2.143378
2.009200
2.016436
3.067540
2.939420
2.814459
2.665602
2.489640
4.066487

Activity

H20

0.226096
0.413748
0.413748
1.193101
1.339211
3.183289
4.966965
5.209857
5.209857
8.254076
9.420026
13.785914
14.958834
28.659683
31.982193
4.770890
0.662926
1.442597
3.928230
8.657592
16.862625
7.580222

17.539658

31.856277
1.039953
3.593560

10.771154
9.895076

20.433853
0.607829
3.959818.

-10.245176

9.821074
1.113316
3.941846
7.503985
13.497835
23.845169
1.814112



a_. An

For all the pairs (m, T) the following is output: m, T, Yor @, A

example of the output of the program is shown in Table XIV , Figure 38
contains a more detailed description of the procedure with correspondence
numbers to the program listing in APPE&DIX I . The external subroutines
ICSICU, IBCIEU, ICSEVU, ICSSCU, and DCSEVU are the cubic spine roufines.

Explanations of these routines can be found in [g9].
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8.0
B.Differential Nuclear Shielding and Electronic Structure

Carbon~13 chemical shifts have been shown to be an effective means
to estimate differential electronic densities and vice versa. The sensi-
. . ' . 13 , .
tivity of the method derives from the fact that, in the C shielding. con-

stant tensor [901]

(117) o = 0 + O + O

the paramagnetic term, Gp, dominates and, hence, the large dispetsion (~ 200
ppm) of 13C shifts results. The "atom within a molecule" approximation [91 ]
allows one to treat 04 @s a constant.

Pugmire and Grant have reported that carbons a~ to the nitrogen in vari=-
ous five-membered nitrogen heterocycles are strongly shielded on protonation
of the hitrogen, by about 9.0 ppm [92 1. Explanations of this phenomenon
differ; Grant has proposed a change in the N-C bond order, while Adam, Grimison,
and Rodriguez have considered changes in the average excitation energy {93 1].
This protonation of a heterocycle has been envisioned as primarily a o-bond

change {94 1: However, carbon-13 chemical shifts must be correlated with

total (o and 7m) electron density distributions [ 95,96 1.
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1
8.1

Nuclear Shielding in Treatments due to Ramsey [97 - 106]}.

A review of the background of the theofy of the nuclear shielding may
give a foundation for the treatment of nitrogen heterocycles and anhydrosugars.
Ramsey has written the Hamiltonian for an electron in the Coulombic

. 8
field of the nucleus, V, and a magnetic field H with vector magnetic potential,

.

A; as
) 1 o e..')A 2
(118) H = = (v, + 2@y + v,
] c J
where, for zero guage, with respect to origin at the nucleus,

Dy -3 i
1/2 Hx ¢ + r (g x r)

i

(119) A

-3 A 2
(1/2H + w ) (-y i + x3) .

it

Applying second order perturbation theory, where the unperturbed

Hamiltonian is that of the system in the absence of a magnetic field allows

the calculation of the shielding tensor. In the notation of dyadics
> <
(120) ¢ = o (d) + o (p)

where the diamagnetic term is

,‘ < (@) _ .2 2
(121) ° o = (e"/2mc’a ) < xpolz (r*

and the paramagnetic term is
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= -1 -~
T (p) = —(e2/2m2c2a ) Z (E ~E ) (j? ] 12 L,/r,3{¢ >,
s} nyo n o o 5 i3 n
(122)
< | ;T § . ; "_sl : A 3
wn Kk k lbo * lpo[ 3 Lk lpn> <lbnl § Lj/rj Iqjo> )

- S
In these equations 1 is the unit dyadic, ¥, is the position vector
: J
.th o . . ,
of the j electron in units of Bohr radii (aO = 0.592 X), wo 1s the ground
state wave function with energy EO, wn is an excited state with energy En'
N N
and the angular momentum operator is L, = ~ih r. x Vj, coupling orbital
J
angular momentum with the magnetic field.
At this point one may, with caution, introduce an average excitation

energy AE in order to simplify using the closure relationship. Theri, avera-

ging over-all orientations, one obtains the scalar shielding

2
o = (e2/3mcla ) < v | 21/ |y >
o o . J o
(123) ]
222 3 -1 > 3
~e*n/m’cta )y wpy Tt <w |z nonselle >,
o o'. J kX 3 (o}
J/k
S Y
where 2, = 1ir, xV, .
3 3 3

We have, then, a closed analytical expression for the shielding
constant that allows physical interpretation.

The first term is interpreted as the diamagnetic Lamb term. The
second term represents the paramagnetic contribution to the shielding due
to the deviation from spherical symmetry of the electronic environment of the
nucleus. The paramagnetic term in the above form involves an empirically

determined parameter, AE, the average excitation energy. This one parameter



summarizes the distribution of all low lying excited states. The availa-
bility of low lying excited states has been used to explain the paramagnetic

13 .
8 C ( downfield shift), in olefins and aromatics with respect to the

corresponding alkanes.

Pople has suggested the following partition of the shielding constant

(124)
A 7 BA A A
o] = Ogia + oAA + L o + Od loc +Ool
para B#A e SO1lv
AR . . : : .
Odia represents the contribution to the shielding of nucleus A of
L AR
the electrons on A which are in an S orbitaljflp0] . Similarly, Opara represents

the paramagnetic contribution from electrons at A which are in p orbitals.
BA . N o o
Lo stands for a summation of contributions from intra-atomic currents

B#A _
induced in atoms B#A and related to their magnetic anisotropy.

o is
deloc
inter-~atomic contribution and may be associated with ring currents due to
electron delocalization in cyclic molecules. Gsolv represents all the contri-
butions of the solvent to the shielding of A. Accurate assessment of all
s . A . . . . . . AA

the contributions to o is quite difficult. Most work has stressed Gp '
which is the largest contributor. However, the above partition is useful
when explaining differential shielding.

In the context of LCAO-MO theory, Karplus and Pople have given ah

. AA
equation for op ’

242
125) ch = -5 2 5 (AE) b 3>2P Ly
2m c B
where  q = 1/36 (B + P+ P_ )
B AB %X vy zz 'AB
(126)
-2/3 (p__ P + P P + P P )

YY z2 ZZ XX XX yy AB
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+ 2/3 (P P + P P + P P )
YZ zy ZX Xz Xy yx AB
oce B
with (p ) = 2 X C C
Hv AB . M. V.
i i i
(127)
A . . . .
C is the coefficient of the 2P1 (u = =x,v,2) atomic orbital of
Ui h b
carbon A in the i MO. Neglect of other atom contributions (i.e. ,
. . AA
qAB = 0, for A¥B) gives the Karplus-Das equation for Gp [101}. Further

reduction in the number of terms is obtained within a T approximation which
neglects contributions from ¢ electrons for a planar T framework.

The principle simplifications in the Karplus-Pople formula, which
is the link between the Ramsey treatment and even more approximate treat-
ments, are the assumption of zero differential overlap, neglect of two centér
integrals, and the introduction of an average excitation energy, AE.

Pople has developed an expression for the neighbor anisotropy terﬁs

based on an independent electron guage invariant atomic orbital model

(128)
BA 1 -1 B ~5 2 :
I o = - 3N LI Il Xy Ry (RB $ o " BRBYRBU.) .
B#A B7A 4y v v
B . iy s s
an are the components of the magnetic susceptibility tensor centered at
nucleus B. Ogeloc can be shown to be identically zero for acyclic molecules.

For carbon chemical shifts the contribution due to delocalized ring currents
is thought not to be large.
In the present formulation of nuclear shielding theory, differential

nuclear shielding observed with changing substituents can be rationalized as
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due to (a) diamagnetic effects from changes in S electron densities, (b)
paramagnetic effects from changes in p electron distributions [107], or
excitation energy changes or (c) magﬁetic anisotropy effects from other

atoms. In atoms other than hydrogen, the diamagnetic effects may be ignored.
Concentrating on the paramagnetic term in the nuclear shielding, equation ( 126)
it is seen that thereisatotally symmetric term . sz = (p_+ Pyy + P, ) an’
which relates to the charge density. This term indicates that an increase

in charge density with symmetric distribution in the orbitals would result in
decreased shielding. The other terms that enter into the paramagnetic term
incorporate the opposite sign. On the basis of whether the observed shielding
increases with increased calculated valence electron density, a symmetric

redistribution of charge among the bonds may be distinguished from one

unsymmetric among bonds.
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8.2

Pyridines and Their N-Oxides

Table XV shows the 13C chemical shifts with assignments [ 108}
of pyridine, a,B,y picoline, and their N-oxides. Table XVI shows the
corresponding valence electron densities calculated by the CNDO/2 [109]
molecular orbital program. In order to analyze the results, they have been
classified according to atom type, as shown in Table XVII . There are five
atom types: carbons in the o, B, or Yy position, excluding those carbons
directly bonded to-methyl, and the methyl carbon.

Figures 40 to 44 show the plots of chemical shift versus charge
density for the five chemically distinct carbon types. Least squares lines

show an encouraging linearity. The calculated coefficients of correlation

are excellent, the least shown by B carbons, with p = <0.6934, and the greatest
for a, p = ~0.9772. These trends can only be observed for the separated
groups. In each group, each carbon has the same nearest neighbours, and

only distant neighbours are changing.

Note the values of the shift per electron dependence given by the
slope, -68.3, -32.5,-125.,-132., and 154. from Figures 40 to 44.
Martin et al. {111 have compiled a number of the correlations between ASC
and excess electronic charge, AQ(C). Perlin { 112] has ogtaiﬁed the anoma=-
lously large value of -575 ppm/electron for the cyclanediols.

A significant observation can be obtained from the slopes of the
linear regression lines. With the exception of that for the methyl carbons,
they are all negative. This would suggest that, for the methyl, most of the
increase in charge density goes into the C-C bond, giving a more asymmetric
electronic distribution and a consequent downfield shift. In the aromatic
carboﬁ there would be a more symmetric distribution of charge between the o

and m systems. An alternative explanation might simply relate the changes



133a.

1 ‘o o . s
Figure 39. 3C chemical shifts of pyridines and pyridine N-oxide deri-

vatives. Assignments due to [108 ].
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TABLE XV

3 . . — . .
1 C chemical shifts of pyridines and their N-—ox:l.desa [108]

Position
2 3 4 5 6 Me
Compound

1 149.59 123.46 135.58 | 123.46 149.59 -
2 139.09 125.65 126.10 125.65 139.09 -
3 158.10 123.01 135.95 120. 46 148.88 24,36
4 148.83 126.43 125.30 123.52 139.21 17.75
5 150.06 132.84 136.15 122.93 146.73 18. 34
6 138.92 136.74 127.22 125.37 136. 36 18.19
7 149. 33 124.43 146.72 124.43 149. 33 20.89
8 138.44 126.63 137.46 126.63 138. 44 20.20

Chemical shifts are downfield from internal TMS.




135.

TABLE XVI

Lo a
Valence electron densities calculated by CNDO/2

Position
2 3 4 5 6 Me
Compound

1 3.8450 4.0278 3.9304 4.0278 3.8450 -
2 3.9996 3.9497 4,0040 3.9497 3.9996 -
3 3.8422 4.0385 3.9276 4.0336 3.8432 3.9780
4 3.9704 3.9671 3.9978 3.9584 3.9944 3.9401
5 3.8574 4.0110 3.9428 4.024Q 3.8517 3.9415
6 4.0148 3.9384 4.0172 3.9471 4.0068 3.9543 .
7 3.8420 4.0403 3.9215 4.0466 3.8420 3.9594
8 3.9949 3.9648 3.9834 3.9645 3.9944 3.9450

Calculated using the Dobosh modification of the CNDO/2 [109] MO program
on an IBM 370-155. Geometries from X-ray, microwave, or staridard
geometries were treated by PCILO [110} to give minimum energy geometries,’

as input for CNDO [108].



. ov96'c| £9'9z1 | s‘e-8||6ve6 c| vr-8eT| 9'z-8
6 s o~
« Sov0v| € vzl | s‘e-L||ozvs e| €€ 6¥T| 9'2-L

TLve e Le°seT|  s-9(|8900°%| 9z 9cT| 9-9
ovzo v | £6°22T| S-S ||8¥TO"¥| z6°8ET| -9
vE86°€ | 9vLET| v-B|lOSv6'€ | 02°0Z | OW-8||cLTO'¥ |2z LeT| ¥-9|| v8S6°c | 25 ceT| s-wl|LTs8 €| €L79%T| o-5 -
STZ6"€ | 2L 9VT | v-L||P6S6°€ | 68°0Z | SW-L||BTP6°c | ST 9cT| v~G||T,96°c | ev 02T | €~ |{pLs8 €| 9070ST| 2z-§
¥8€6°€ | PL 9T | €-9 {{evs6 € | 61°8T | @W-9li8L66°c |08 s2T| ¥-¥ || 9cco v | ov 02T | s-¢ |{pwe6-c| Tz 66T| 9-¢
OTTO'V | ¥8°2€T | €= |{STP6 € { e 8T | ®W-S[|9Lz6°c |S6°GET | v-€ || s8€0°y | To'czr | ¢-¢ ||zevs e | s8'8pT| 9-¢
v0L6°€ | €8°8YT | ¢-¥ |[TOV6°€ | SL LT | ®W~% [|0v00'% |0T°92T | v~z |{L6v6 e | so°szT | s'e-z {|oe6°c | 60" 66T | 9/~
zev8e | 0T°8ST | z-€ {|08L6°€ |9€ ¥z | oW~ ||voc6°c |85°SeT | v-T {|8L20°% | 9v c2T | s’'e~T ||osps-c | 65°6¥T | 9‘2-T
deg o |®H-O dzg | W dzg 9 A e 9 g e 9 0
8 9 S 2 3 z T
Q 0 _ Q 0
N N fup S *mo . N
/J ; © 0
- tm €Ho
‘ L
tuo €uo

*uMmoys ST HBuTasqumu pIvpuURlS

*suUOqIeD TAUISUW Pue SH-O ‘A

‘g ‘0 107 pejeIngel 91k SSTITSUIP UOIIODT2 9OUSTRA Z/OGND ©Ul PuUR (SWI TRUISIUT WOXF PTOTIUMOP) SIITUS TeoTwayd

0 C]
maﬁ_

.

ITAX - JIEYL

e

*PI3BOTPUT oIe ‘T ‘SUTPTIAd JO SuOgIed A pue ‘g ‘v 9yl pue usAThH aie g-T sSpunodwod JO VINIONIAZS SYL



137a.

Figure 40.

l B
Plot of 3C chemical shift of o carbons versus calculated

valence electron densities, Q The solid line is repre-

2p
sented by § =a + b Q2p' where a=4.12 x lO2 (s.D. = 1.93

X 101), b = -6.83 x lOl (S.D. = 4.91). Coefficient of

correlation, p, = -0.9772.
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Figure 4l. Plot of 13C chemical shift of B carbons versus calculated
valence electron densities. The solid line is represen;ed
by § =a +b sz, where a = 2,54 x lO2 (S.D. = 4.50 x lOl),
b= -3.25 x lOl (s.D. = 1.13 x lOl). Coefficient of

correlation, p, = -0.6934.
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Figure

42,

Plot of l3C chemical shift of ¥y carbons versus calculated.
valence electron deﬁsities. The solid line is represented
by § =a+b Q,, Where a = 6.28 x 10° (s.D. = 7.09 x 10%),
b = ~1.25 x 102 (s.D. = 1.79 x 101). Coefficient of

correlation, p, = =-0.9527.
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Figure

43.

Plét of 13C chemical shift of carbon directly bonded to mthyl,
C-Methyl, versus calculated valence electron densities. The
solid line is represented by 6 = a + b sz, where a = 6.65 x
102 (s.D. = 1.57 x 102), b =-1.32 x lO2 (S.D. = 3.98 x lOl).

Coefficient of correlation, p, = -0.8299.
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Figure 44. Plot of 13C chemical shift of Methyl carbon versus‘calculated
valence electron densities,‘sz. The solid line is represented
by § =a+b sz, where a = =5.89 x l02 {s.D. = 1.39 x 102),
b =1.54 x lO2 (S.D. = 3.53 x 101). Coefficient of corre-

lation, p, = 0.8901.
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to the aromatic versus aliphatic distinction, the mechanism operating through
a delocalized ring current ([113}.

In conclusion, this given scheme of classification is seen to be quite
fruitful. Since linear interpolatioh is seen to give up to 97% of the differ-
ential chemical shifts in terms of the electronic changes, a predictive or
interpretive method might be based on the "calibration" of the shift versus
the charge. For the 13C chemical shift of a given,carbon‘in a given molecule,
this calibration would entail the examination of the shifts of the corresponding
carbon in derivative compounds in which nearest neighbors are not changed. Mole-
cular orbital calculation would provide the densities. A favourable distribu-
tion of values would allow linear interpolation on the regression line. Two
achievements could then be attained: (1) to interpret or assign a given reso-
nance or to predict a priori and (2) since calculated densities are often
based on ill~determined geometries, a given geometr& could be tested according

to the agreement provided.
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8.3

The Conformational Manifold of Oxolane and Derivatives and the

"supermolecule" Problem

Molecular geometries are usually described in terms of spherical polar
coordinates. Given three atoms, 1, 2, and 3, the position of a foﬁrth is
determined by constructing a coordinate system on 3, so that bond 2-3 is
in the polar direction and the plane of 1, 2, 3 defines the zeroth meridian on
the same side as 1. The bond to 4 is then defined by its distance and its
azimuthal angle, known as the bond angle, and the polar angle, called the
torsion or dihedral angle. Since the bond distance relates atoms which are
bonded, since the bond angle relates noh—bonded atoms separated by one atom,
and since the torsion angle relates atoms separatea by two atoms, the force
constants can be placed in order of strength. The force constant for torsional
distortions is so low that, at ordinary temperatures, a nutber of diffefent con=
formations may be assumed by non-rigid molecules.

Ring closure of an acyclic molecule involves the loss of three degrees of
freedom. In the furanoses, the five torsion angles are coupled and have only
two degrees of freedom. The torsion angles, Gj, may be related to pseudo-
rotational coordinates which more adequately describe the continuous deformations

of the molecule [114,115,116], i.e.
(129) B, = 6 cos (P + 38),
3 m

where j = 0, 1, 2, 3, 4 and ' § = 1440.

The -amplitude, em, gives the degree of puckering or deviation from a
planar structure. The phase angle, P, determines, for the various envelope

or twist structures, which atoms are up and which are down with respect to an
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average plane.

Large excursions of 6 will lead to non-bonded interactions and increases
in the electronic energy. Thus the Qlectronic energy plotted for em has the
form of a trough. The phase angle P is a cyclic parameter, identical confor-
mations occuring every 360° and conformations with inverted amplitude occuring
every 180°. The shape of the electronic energy curve as a function of P may
be such as to givé preference to certain conformations [116,114,117]. Self-
consistent field molecular orbital calculations have been used to elucidate
the shape of the electronic energy surface over the conformational manifold of
some five-member rings [118,119].

For the purposes of this study, the MINDO/3 molecular orbital program
[120] was implemented in order to obtain approximate SCF~ILCAO-MO ground state
electronic energies for variations in geometry. Only the valence electrons
are considered in the MINDO/3 approximation. MINDO/3 incorporates a DFP
{(see page 40) routine for the optimization of the calculated energy witﬁ
respect to variations of the bond angle, bond lengths, and torsion angles.
Optimization occurs at local minimum and, since there may be several local
minima, only a thorough grid search of the parameter space can ensure that the
global minimum has been found.

Since the program consumes a prodigious amount of CPU time and since the
output of intermediate results during the course of the DFP minimization of )
the energy ailows some insight into the energy surface in the absence of a
thorough grid search, the program was implemented in a manner shown in Figure 45.
In an interactive environment during the day, only 10 minute sequences of CPU
timefare.available. Figure 45 shows how timing information from TIMEXP is

relayed to the main program. When insufficient time for the next step is

detected, the program creates the various output files. Also, if a fatal
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Figure 45. Flow diagram to represent interactive operation of MINDO/3

molecular orbital program as implemented on IBM 370/155.
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execution time error is detected by ERRMON, the program does not "crash",
instead the output files are created.
FT05 is the card input or inpﬁt data file. FTOO is £he geometry
and orbitals information saved if the program is terminated by TIMEXP. FTO1
gives a record of the progress of the_DFP routine. FTO06 outputs the energies,
occupancy matrix, and geometry. FTO7 gives the final cartesian geometry.
FTO8 is a save fi;e for the geometry and orbital information. FT10 is a temp-
ofary disk file for storage of various matrix elements of the MO calculation.
The program implemented in this fashion is executed in an interactive fashion.
Commarids are entered at a terminal to the WYLBUR/MILTEN system to set up the
job. The job is then run under 0S370. When a certain amount of CPU time
has elapsed, the output files are created and these are examined with WYLBUR.
FTO8 is then assigned to FT09 for the continuation of the problem. The total
CPU time required for the "optimization" of the geomeﬁry of tetrahydrofuran is
of the order of 15-20 minutes, the time required for its 3,4-diol is 30 minutes.
TABLE XVIII shows the results of the MINDO/3 calculations for £etrahydro—'
furan. Constraints were put on the Values of the torsion angles and the opti-
mized geometries gave the pseudorotational parameters shown in the table. The
symbolism for the conformations is that used in referenceé {114,117}, Because
of symmetry the envelope conformation \g is the same as OV, and the twist

conformations 3T2 and 2T3 are the same.

MINDO/3 gives energies as heats of formatiod, AHf. TABLE XVIII indicates

that the most stable structure is the pure planar form. A sharp debate has
occured over the ability of MINDO/3 to calculate reliable equilibrium geometries
of cyeclic molecules [121-125].  The tendency of MINDO/3 to incorrectly favour
energetically the planar conformation has been noted by other authors [121 J.

TABIE XIX shows the results of MINDO/3 calculatioris for cis-= and trans-
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oxolane 3,4-diol. 90 and el are the torsion angles about the ether oxygen.
The conformations calculated for the cis-diol appear to be reasonable. 3V

has the ether oxygen moved away from the hydroxyls. The most stable

cis form with AHf = -141.79 Kcal has a‘puckering amplitude of 10.430, which is
a significant departure from plaharity. Symmetry relates 3V to 4V.

The 9V conformation is calculated to be the most stable trans-diol,
and its greater stability than that of the cis-diol is consistent with a
greater 0~0 distance. The calculated Vé and %T3 conformations have energies
which appear to be on another potential energy surface. Anomalous energy
miniina given by MINDO/3 have been observed elsewhere [122] and have been
related to level crossings which are not substantiated by full ab initio
calculations. The most stable calculated conformation, oV, is seen to be
‘almost planar, where em = 0. 342. This could be reasonable for the trans-diol
since puckering would tend to move one of the two hydfoxyls toward the ether
3

2 . o
oxygen. The T, conformation has the hydroxyl on the second and third carbon

. 0
moved toward the equatorial direction. Symmetry relates VO to V and V3 to

%y.

The numbering system used in TABLES XVIII and XIX is oxygen = O, carbons
sequential from 1 to 4. The pseudorotation values were calculated from the

torsion angles about the ether oxygen by solving equation (129).

TABLE XIX also shows the calculated valence electron densities of the
carbons. These might be of value in relating chemical shift values to con-
formations. Analysis of 13C NMR  results in this study showed, however, that
conformational effects need not be invoked (page 75). The predominant

effects are polar effects due to ligands.

; - ) .. 13 . .
Ideally, the best approach to rationalizing C NMR chemical shifts
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observed when known ligands participate is to employ MO calculations for a
"supermolecule" in which the molecule and its ligand are brought together in

a non-bonding interaction. The approach of this sort [126] was applied
recently in the 13C study of conformation changes of 2, 3-naphtho-20~crown-6
caused by crown ether complexing cations. The chemical shifts observed in

the naphthalene ring were related to the charge densities calculated by the
semi-empirical INDO {127] MO pfogram. Perturbing monopoles of charge +1 and
+2 were modelled by placing "Li" and “Be" ions in the correct spatial relation-
ship to the naphthalene system. A linear correlation coefficient p = ~0.943
and a slope of -99 ppm/electron were obtained. Thus the calibration of the
shift versus the charge is reasonably extended to the supermolecule MO calcu=
lation. The geometry of the complex had best be known, however, In the
absence of, say, X-ray crystallographic structural'knowledge of the complex,

a geomettic determination might be calculated using a DFP optimized equilibrium
geometry for the complex.

Recently, a potential energy surface calculated for the ammonia-carbon
dioxide complex was reported [128]. Optimized complex geometries and force
constraints were calculated in an ab initio SCF scheme and were found to differ
significantly from values obtained from the infrared speétruﬁ of the Ar matrix-
isolated complex.

The discrepancy was explained in terms of the superposition error.

When the complex-forming molecules are brought together, their basis sets ovér-

lap. This leads to improvements in the descriptions of the individual mole-
cules. The energy of complex formation is thus overestimated because of the
superposition error for finite basis sets. Thus, one more known deficiency

is added in an application of MINDO/3 to the "supermolecule" problem.
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9. CONCLUSION
9.1 Thermodynamics

The presént study was undertaken in order to demonstrate and

elucidate that the complex formed between 1,4-anhydroerythritol and the
ligands, water, and/or ammonium is a structure-~forming effect in biochemical
systems where ribonucleotides carry the essential moiety of the sugar and
proteins carry the ammonium cation. It was necessary to consider the
solvent isotope effect between light and heavy water [19] and the solvent
isotope effect for ionic hydration [20], since the l3C data was, by necessity,

O as aqueous solvent. DO was used as solvent since we

obtained using D 5

2

required an internal deuterium field-frequency lock.

Thermodynamic data used to calculate the activities of water and
ammonium at various concentrations and temperature was that for aqueous H20
solutions. The calculated free energies for the formation of the various

complex species apply only to aqueous D0 solutions.

2

The solvent isotope effect between light and heavy water governs the
thermodynamic differences between light and heavy water. The solvent isotope
effect for ionic hydration governs changes in ionic activities observed for

an ion which is transferred from HZO to DZO' Both of these effects can be

neglected when considering the use of H20 solutions data for the treatment of

DZO solutions experiments because in this study the 13C data was properly

reproduced in TABLE VII, which gives the predictions of Model A of TABLE VI.
If these two effects were significant, the calculated thermodynamic functions
would be so altered as to prevent a good fit. However, because D20 is a

common NMR solvent, more study is needed of the thermodynamic properties of

this solvent and its electrolyte solutions.
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Next, i have related the calculated free energy values to the H20
system. The free energies for transfer of solvent and solute from D20 to
H2O are known [129,130]. The free énergy’difference between heavy and
light_water is found in TABLE II, AG = 4.3 kcal/mole. This value was
calculated from contributions from translations, vibrations and librations
and was compared with the experimental value. The measured standard free
energy of transfer of ammonium from D20 to H20, AG = ,164 kcal/mole, is
from reference [130]. The free energies from transfer of 1,4-anhydro-
erythritol in its fixed ligation states was assﬁmed to be zero because
hydration ;n the inner ligation sphere is defined and the outer hydration
sphere is not susceptible to the ionic isotope effect for hydration, which
is a microscopic effect. The outer hydration sphere is affected by macro-
scopic properties which change with different solveﬁts for example, the
dielectric constant. At 250C, however, the dielectric constant of D20 is

78.06 and that of H20 is 78.54.

o
Thus, a Born-~Haber cycle for the free energies at 25 C was

constricted :

+ -> +D AG = .35
E(D 0) D202 E 2O(D 0) G kcal
2 2
(130) ¥ v 4.3 ¥
Py T R% 7 FOm o 86 = =3.95 keal

. + .
E(D20 + WD, > E-NDZ AG = 1.3 keal
(D2O) (D20)
(131) ' v -.164 '
NH + - E-NH + AG = 1.5 kecal

E
(H,0)
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+ +
+ > *ND  -D AG = 3.3 kcal
Eo_o) ND, + D0, E-ND /D0 o) ca
2 (D_.0) 2
2
(132) ¥ ¢ -.164 v 4.3 4
E + NHT + H.O > E-NH .H.O AG = -.84 kcal
(H.0) 4 2°% a""2%w_0)
2 (H,0) 2
+ 2D > E.2 AG = 3.4 kcal
E(D2O) 204 D,0 (5. 0) G ca
2
(133) & ¢ 2x 4.3 ¥
+ 2H > «2 = -5, 2
E(H20) 50, E H2O(H2O) AG = -5.2 kcal

These derived values could be verified by doing experiments with a mixed

HZO/DZO system and extrapolating to 100% H, 0, and such experiments should

2

take precedence if further studies of this system are undertaken.

Thus it is seen that in DZO’ where the molecules have a greater

structure-forming tendency, the extent of hydration is less than in H20.

Also, the relative thermodynamic stabilities are altered in H20. In DZO'

in order of decreasing thermodynamic stability, the complekes are

+ +
> . . . . N
E E H2O > E NH4 > E NH4 H2O > E 2H20 ’

while in HZO

‘ + +
. > . > . . > .
E 2H20 E H2O E NH4 H20 E > E NH4 .
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An H20/D20 study would verify this reordering of the stabilities.

1
9.2 3C Chemical Shifts

The thermodynamics appears to be more clear-cut than the 13C NMR
chemical shifts. Figure 46 is a representation of the C(1) and C(2)
shifts relative to dioxane, given with idealizations of the topologies of
the substrate-ligand complexes. Although only polar effects may be operating,
rationalization of the shifts is not possible in the absence of defined
geometries. Further studies are necessary in order to obtain valid strﬁc—

. \ 1
tural information so that the 3C

MMR chemical shifts of these species may be
understood.

The molecular orbital studies given in Sections 8.2 and 8.3 preceded
the 13C NMR studies‘given in Section 6.0. A noteworthy conclusion of this
work is that theoretical studies may often fail to anticipate critically
important results revealed by experiment (see quotation, page vi). The work
wﬁerein calculated charge densities were correlated with 13C chemical shifts
for the pyridine derivaties, Section 8.2, demonstrates that,underneath the
gross electronic structural features which partly explaiﬁ obéervedbl3c
chemical shifts, there lie finer features. Thus, an attempt to éxPlain

observed phenomena in terms of the simplest possible theory is bound to ignore

potentially important effects. -

9.3 Proposalé

A number of spectrometric methods are available for the study of agueous
equilibria discussed in this work. For these weak association complexes only

techniques providing the highest resolution and sensitivity will be discussed.
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Figure 46. Ligand substrate topologies and C chemical shifts of
1, 4-anhydroerythritol and species coordinated with water

and ammonium.



155b.

Spm) Relative to Dioxane

7.00 6.00 500 4.00
Gz G 1
o |,
Ry
C

(&)



156.
Among the NMR techniques based on the magnetic nuclei of the
reporter species, say 1,4-anhydroerythritol, double Fourier transformation,
2DFT{134],has been shown to give exceptional resolution. Experimentally, a
linewidth of 0.08 Hz has been achieved on a spectrometer where the field
inhomogeneity broadening is about 0.3 Hz for 13C. 2DFT, J spectroscopy
has been applied to proton-proton and carbon-proton spin coupling. Thus

chemical shift information and coupling constants could be combined in an

i ) 5

13¢ lH; JCier JHH') for a general least squares treat-

observed vector (8§
ment of the kind illustrated in Chapter 6. The additional information
provided would be the carbon and proton chemical shifts and coupling
constants which would facilitate conformational analysis of species which
cannot be isolated.

Other magnetic nuclei may be used, including l’4N (I=1), 15N (I=%),
and 17O (I=!?2) in an isotopically enriched substrate. Quadrupelar line
broadening has its origin in the relaxation process involving the interaction
of the quadrupole nucleus with the electric field gradients within the

molecule. If the nucleus is surrounded by a highly symmetrical arrangement

of substituents, such electric field gradients are small‘and‘quadrupolar

+

. . . i 14 .
line broadening is diminished. Thus NMR study of the exchange of 4NH4

between the symmetrical water lattice and the unsymmetrical site on the

sugar would give information on the dynamics of the process. NOS could be

used as a reference [135,136]. Similar information could be provided from

1 . . '
the 7O relaxation study of the sugar using H20 as a reference [135,136].
; . . . . . 15+
Chemical shift information from a study with enriched NH4 could be used
in a‘Benesi—Hildebrand type treatment of the ammonium sugar complex.

Two infrared techniques are worth considering for application to this

type of problem, laser Raman and Fourier transform spectroscopy.
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Water is an excellent solvent for Raman spectroscopy since it
scatters very weakly [137]. With moderately concentrated solutiong, it
is often possible to obtain spectra up to 3100 cm_l which show no signifi-
cant solvent background. With relatively little care in sample preparation,
aqueous solution spectra can be obtained down to 150 cm—l. With pure
liquids, Raman line very close to the exciting frequency can be observed.
Internal standards can be used where it is desirable to report intensities
independent of instrumental effects. The perchlorate line at ca. 930 cm

arising from the totally symmetric breathing mode of ClO4 is most often used
for work involving aqueous solutions because it forms rio complexes in
solution. Equilibrium studies may make use of intensity measurements
because the Raman intensities are directly proportional to the molar
concentrations.

The Raman spectra of pure water and of water in aqueous solutions
provides information on the hydrogen bond-induced structure in the liquid.
The broad bands centered at 175 cm—l, 450 cm~l, and 780 cm"1 are due to
hydrogen bond stretching and libration and are effected by intermolecular
interactions. With careful work the librations of the association complexes
themselves may be seen very close to the exciting frequency. The number
of lines observed for the association complexes of the sugar would give
direct confirmation of the complexes proposed in this work. The
observation of rotation structure rather than a broad featureless continuim
in the low frequency region would prove the existence of relatively stable
molecular aggregates. The thermodynamic stability of association
compléxes would be tested by temperature control work.

In the last decade IR FTS has gained some prominence [138}. Commercial
instruments are available which provide a resolution of 0.067 cm_bl in

the transmission mode. Aqueous spectra may be obtained by signal



158.

averaging the Michelson interferogram in double precision and digitally
subtracting the spectrum of pure water. The substitution of DZO for

HZO may also provide additional windows}free from HZO absorbances.

The pseudorotational ring puckering mode of tetrahydrofuran was
first observed using IR FTS [139]. Another vibrational mode that has been
profitably studied using IR FTS is the OH torsional mode of alcohols. These
two vibrational modes are features that are expected to be influenced by
sugar ligand interactions and so should be studied by IR FTS.

Ordinary optical absorption spectrophotometry is severely limited in
its resolution about an absorption bond. Circular dichroism or optical
rotatory disperson provide inherently greater resolution because of the |
possibility that the CD or ORD spectrum may be positive or negative [140].
Thus overlapping absorption bands in the absorption spectrum of a molecule
may be resolved with either CD or ORD. The phenomena of CD and ORD are
different manifestations of the same underlying behaviour and are linked
by the Kronig-Kramer relations. Since outside of the region of the
absorption band the ORD is given by the Drude equation, it is sufficient
to focus attention on CD as the most sensitive probe of perturbations to
the electronic state. Even achiral molecules exhibit‘rotary behaviour in
- a magentic field, so MCD may be considered the most general technique.

A proposal for the optical study of tﬂe perturbation of electronic
states caused by molecular associations of the type presented in this study
would be based on adenosine, which presents a natural chirality and a
chromophore,Amax = 260 nﬁ. The origin of the optical activity must be
causedfby the perturbation of the base by the asymmetric field of the
sugar. The sign and magnitude of the near Cotton must be governed by
the orientation of the base relative to the sugar and the conformation of

the sugar. Thus, torsional and conformational changes may be probed using
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CD. Theoretical predictions of CD and MCD effects given by MO calcu-
lation would give detailed insight into the effect of ligands on the
orbitals.

Finally, a recent technique, e#tended X-ray absorption fine structure
(EXAFS), has been applied to the accurate determination of interafomic
distances, atomic types and coordination numbers of complexes in solution
[141,142,143}. Carbon and nitrogen display absorption K edges at
43.648 and 30.990 R respectively [70]. Since a NaClO, crystalline complex
of 1,4-anhydroerythiritol has been obtained [5], a NH4ClO4 complex might
also be crystallized. X-ray diffraction then would provide interatomic
distances that could be used for the calibration of the radial distribution
functions provided by EXAFS based on the‘nitrogen‘K edge of ammoniﬁm

and the carbon K edge of the sugar. This would solve the problems

presented by a disordered system of a complex in equilibrium in solution.
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APPENDIX I

This FORTRAN program is described in pages 122-125. External sub-
routine calls to IMSL routines for spline operations are included. . Figure 38
shows,the flowchart for the program and correspondence with the blocks shown
there is obtained by using the éorrespon&ence numbers in the left-most column.
The data, as described in pages 108-117, is given at the end where (16) is
apparent molal heat capacity, (17) is relative apparent molal heat content,

(18) is activity coefficients, (19) is vapour pressure data, and (20) is
concentration and temperatures of experimental conditions, as described on

page 75, second paragraph. The program cutput is shown in TABLE XIV,
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//DGN514DS
/% TORPARH

JOB (0508,07966), "NAUCLER* ,MSCLEVFL=(1,1) ,MSCCLASS=R

PSWD=NCD

//STEP2 EXEr FORTCOC 4
DIMENSION X1(100),X2(100),¥3(100),X4(100),Y1(100),Y2(100),Y3(100),

.

Y4 (100) ,RPAR (4),C1(99,3),C2(99,3),C3(99,3),CX(100),

16l.

ACT(100),ACTM(100),TY(107),F(20,20),FL(20,20),AW(100),

S1(100),52(100),83(100) ,PM(4),%XX4(100)

COMMON WE(714)

(2)
(3)
(4)
(5)

(6)

= i

DATA BPAR /0.,0.,0.,0./
™ R=1.98717 ‘
o READ IN APPARFNT MOLAL HFAT CAPACITY
READ (5,101) wmyl
READ (5,100) (X1(7),Y1(1),I=1,MX1)
READ (5,100) DFINI,SMI
o READ IN RELATIVE APPARENT MOLAL HEAT CONTENT
READ (5,101) NX2
READ (5,100) (X2(I1),Y2(I),I=1,N¥2)
READ (5,100) DFIN2,SM?
C READ IN ACTIVITY CORFFICIENTS
READ (5,101) NX3
READ (5,100) (X3(1),Y3(I),I=1,NX3)
C READ IN VAPOR PRESSURE DATA FOR VWATER
READ (5,101) IX
RFAD (5,100) (CX(I),I=1,IX)
READ (5,101) 1Y
READ (5,100) (TY(I),I=1,1Y)
READ (5,103) (FM(T),TI=1,4)
READ (5, I'M) ((F(1,J),I=1,TX),J=1,TY)
C KEAD TN CONCENTRATINNS AND TEMPURATURES
- READ (5,101) wx4
RFAD (5,100) (X4(I),Y4(T),I=1,NX4)
CALL DIFORM(¥1,Y1,NX1,DFINI,SMI,Y1,C1)
CALL DIFORM(X2,Y2,¥X2,DFIN2,SM2,Y2,C2)
CALL ICSICU(X3,Y3,NX3,BPAR,C3,99,IFR)
CALL IBCIEU(F,20,CX,IX,TY,1Y,0.,1,25.,1,FL,20,WK, IER)

V25=FL(l,1)
DO 10 I=1,NX4
0 XX4(I)=SQRT(X4(I))
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CALIL, ICSEVU(X1,Yl,NX1,C1,99,X¥4,S),NX4,IFR)
(7) CALL ICSFVU(X2,Y2,NX2,C2,99,¥%X4,S2,N%4,IFR)
CALL ICSFVU(X3,Y3,N¥3,C3,99,¥X4,83,NX4,1ER)
¢ DO 20 I=1,NY¥4
T=Y4{(I1)+273.1
¥X=(298.1=T)/(R*2QR8.1*T)
(8) N A=ALOG (S3(T))H(S2(T)*KX~S 1 (T)*(298. 1 *X¥X~ALOC (298.1/T)/R))*0.5
ACT (1)=FXP(A)
CALL IBCIEU(F,20,CX,IX,TY,IY,¥4(1),1,Y4(1),1,FL,20,WK,IER)
CAW(I)=FL(1,1)/v25
20 ACTM(I)=X4(T)*ACT(I)
WRITE (6,102) (X4(1),Y4(T),ACT(1),ACTH(T),AW(T),I=1,N%4)
100 FORMAT (1OF8.4)
101 FOPMAT (14)
102 PORMAT (5112.6)
103 TFORMAT (4A4)
STOP
END
SURROUTINE DIFORM(X,Y,NX,DFIN,SM, YY1,(C) ‘
DIMENSION X(1),Y(1),¥YY1(1),0(99,3),DF(100),Y1(100),C1(99,3),
» . DS (100),YY(100),XX(100)
(9)< COMMON ‘WK.(714)
DO 19 I=1,N¥
XX(D)=SORT (X (1))
DF (1)=DFIN ‘
CALL ICSSCU(XX,Y,DF,N¥,SM,Y1,C1,99,WK, IER)
CALL DCSEVU(XX,Y1,NX,C1,99,XX,DS,NX,DDS,0,1ER)
CALL ICSEVU(XX,Yl,N¥,C1,99,XX(N¥),Y1(NX),1,IER)
Do 20 I=1,N%
0 YY(D)=YI(I)+XX(I)*DS(I)*0.5
PO 21 I=1,u¥%

N

(10)

O

(1)

(12)

e Py

(13)] §21  DF(I)=DFIN*(1.+X(1))

(14) CALL ICSSCU(XX,YY,DF,NX,SM,¥YY1,C,99,Wr, IER)
Y0=YY1(1)

(15) YY1 (NX)=YY (NYX)

DO 22 1I=1,NX
22 YY1(I)=YY1(I)-YO
. RETURYM
END
//GO.SYSIN DD *
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+ 00555
02775
.0793
.2775
1.3877
4.6255
6.9383

00278
.01850
0617

.1110

«3700

1.1101
2.2202
3.7004
5.5506
6.9383

80.

0.

0.
1.18
2.37
3.92
5.44

~13.1
~12.6
~11.8
-10.3
~-5.3
1.9
5.3

22.
48,
76.
92.
124.
136.
120.
89.
53.
30.

0.665

0.609
0.574
0.560
0.565

90.

30.
66.
100.
68. -
27.
19.
S4.



lo4.

APPENDIX II

FORTRAN subprogram encoded for ﬁodelling complex eguilibria as expressed
by eguation (74). In the argument list of the subroutine FUN, F is the calcu-
lated function value, D is the afray of first partial derivatives, P is the
parameter array, and X the array of independent variables, the data matrix.
Decision table logic for the assignment of parameters and specification of
stoichiometry is represented in arrays IJK and NP. With the table initiated.
with the values shown here, the l8-parameter Mbdel A, of Table VI, is evaluated.
This subprogram was incorporated in the LINKEDIT step when using BMDX85 [59 i
or BMDX85/NAUGLER under IBM 0S, or in BMDP3R by concatenating data sets when

operating under MTS.
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SUBROUTINE FUN(F,D,P,¥)

IMPLICIT RFAL*8 (A-1,0-7)

DIMENSTON D(1),P(l),X(1)

DIMENSION B(3,3),E(3,3),5(3,3),DR(3,3),DE(3,3),

- DS(3,3),DV5(3,3),DVE(3,23),DUR(3,3),DUS(3,3),PUE(3,3),

. CUI(3,3,3),C02(3,3,3),1J8(3,27),K(2) ,NP(2,2)

FOULVALENCE (DR(1,1),DPUB(1,1),C02(1,1,1)),(PE(1,1),DUR(1,1),

- CU2(1,1,2)),(DS(1,1),nUS(1,1),002(1,1,3)),(CU1(1,1,1),B(1,1)),
- (CU1(L,1,2),E(1,1)),(cul1(1,1,3),5(1,1))

v DATA CU1,R/18%0.0D0,9%-1.0n3,1.98717n0/

n .
ChrkhhhkhkkkkAAhkhhkekARkA Ak Ak AR kI RRARhkkAkhkhkkhkhhhkhkkhkkhhhkkhkhkhkhkhkhkdhkhkkhhhkhkhk
¢

I P(L)=B(1,J) K=1, D(L)=DR(I,J) K=1,
C =K (1,J) ¥=2, ©=DE(T,J) K=2,
C =5 (T,J) K=3 =NS(1,J) K=3
C
C (I,d) ' ="FE(T=1)B20.(J=1) .Nd4+"
C
Chdhkhkhhhkhhkihhdkhhkhdkkkkkkhkkkidkkdodkkkkkkdkkkkddkkkkkdddkkkkkkkkkkikkikk
C
C L I JK
C * % % %
DATA TJK/ 0,0,0, 2,1,1,
2 1,2,1, 2,2,1, 3,1,1,
3 2,1,2, 1,2,2,
4 2,2,2, 3,1,2,
5 2,1,3, 1,2,3,
6 2,2,3, 3,1,3,
7 n,0,0, 2,1,1,
e 1,2,1, 2,2,1, 3, 1,1, 27%0/
DATA NP/1,13,6,1&/
C
IFV=5
ITHR=3 _
FAPPA=IDINT (X (IFV)+0.499G699D0)
NP1=NP(1,KAPPA)

NP2=NP(2,KAPPA)
NPL=MAXO (NP (1,1),NP(2,1),NP(1,2),NP(2,2))
PO 1 I=NP1,NP2
IF(IJK(3,T).CT.0) GOTO 100
RO=P (1)
GOTO 1
100 CUL(IJK(1,I),TJK(2,1),1JK(3,1))=P(1)
1 = CONTINUF :

(]

U=B0
V=1.0D0



C

@]

13
12

i1

[av]

60

RINV=L.0D0O/R

RT=(X (ITHR)+273.1D0)*R

DO 2 I=1,3

Do 3 J=1,3

K(l)=1

K(2)=J

G=-E(I,J)/RT4S5(I,J)/m

IF(G .CT. 174.0D0) C=165.000
IF(C .LT. =-180.0D0) G==180.0D0
DUB(1,J) = DEXP(C) C

PO 11 L=1,2

KK=¥(1L.)

COTO (11,12,13),FK
DUB(I,J) = DUB(I,J)*¥(L)
DUB(I,J) = DUR(IL,J)*X(L)
CONTINUE

DVE(I,J) = =1.0D0/RT*DUB(T,J)
DVS(I,J) = RINV*DUR(I,J)

DUS(L,J) = DVS(I,J)*B(I,J)

DUE(1,J) = DVF(I,J)*B(I,J)

U = U+DUB(I,J)*R(1,J)

v = V4DUB(I,J)

CONT INUFR

CONTINUE

F=U/V

DZ=1.0n0/V

V2=yk*2

no 4 1=1,3

DO 5 J=1,3

DB(I,J) = DUB(I,J)/V

DE(I,J) = (DUE(I,J)#*V=DVF(I,J)*U)/V2
DS(I,J) = (DUS(T,J)*V=DVS(I,J)*11)/V2
CONTINUE

CONTINUE

DO 50 I=1,NPL

D(I1)=0.0D0

DO 6 1=NP1,NP2

IF(IJK(3,1).CT.0) GOTC 60

D(1)=DzZ

GOTO 6
D(1)=CU2(IJK(1,I),TJK(2,1),TJK(3,1))
CONTINUE

RETURN
END

166 .



167.

APPENDIX IIXI

Example of Program Control Information for BMDP3R [60] to do non-
linear regression analysis with linear equality constraints. Parameter

estimates obtained are shown in TABLE VI. B.



168.

/PROBLEM TITLE IS '1,4 ANHYDROERYTHRITOL~AMMONIUM COMPLEX , C13NMR SHIFTS'.

JINPUT ™ VARTABLES ARG 9,
FORNATT TS TI5F12.6)"

CASES ARE 787

ONIT IS 5.

REWIND. - |
/VARIABLE NAMES ARE "A(H20)','A(+NHY)'  TEMP,DELTACL3, ' CARBON#' .
7 PLOT RESIDUAL. '

VARIABLES ARE 1,2, 3.

NORMAL,

DNORMAL.
S LZE s 100,100,

SIZE
/REGRESS DEPENDENT IS DELPACIS.
PARAMETERS @EL 2%

IS 0
CONSTRAIANTS ARE 4,

TITLE IS 'MUL%ICOMPONENT COMPLEX EQUILIBRIUM MODEL'.
ITBRATION is 1.
HALVING IS °o
/PARAMETER MAXIMUM ARE 9¥1E2, u*15
MINIMUN ARE 5¥-1E2 ? ?
NAMES  ARE BLO, Pilo B10128111, Bl20
E10,E01,E1L Léo,
$10,501,S11
5320, Bclé 8201 Béll B220,

G20

CONSTRAINT =5%0)1 ,3*0 00, 8*0 ~1,3%0. K=0.
CONSTRAINT, =003 13330, - 002 6%02-122%0. K=0.
CONSTRAINT =7%#0’ §*u 2200 g*o —1 0. " K=0.
CONS&R?INE *o, 234022300 X

230748, u 117957 4.1 . 85321
5. 452387 ,5. 918ﬁﬁ;§1h §8§§“ 5056 3 J1812. Zufb 32-3786 101927,

31,5 )5;60 128%178&06 §f{8?§%8?§326?3238;3.

o -

/ERD
/FINISH
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