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3.3 EXPERIMENTAL PROCEDURE

The experimental approach used in this study was similar to that of other workers
in the field of solution chemistry and essentially involves the potentiometric titration of a
series of solutions containing not only different ligand to metal ratios but also, especially
in the case without metal present, a range of ligand concentrations in order to test for the

presence of polynuclear species formation.

The titrations were performed using a Metrohm automatic burette (Dosimat E635)
controlled by a Metrohm automatic titration processor (Titroprocessor E636), which also
recorded the experimental readings of volume of titrant added corresponding to emf
measured. The data thus obtained together with the analytical concentrations were

analyzed according to the procedure outlined in the previous section.

The test solutions were made up in a sealable reaction vessel, thermostated to 25°C
+0.05 using a Lauda water bath, and contained a thermometer, the glass and calomel
reference electrode, a burette tip for the introduction of titrant, fitted with a non-return
valve to prevent back-diffusion and a magnetic stirrer bar. Generally the required amount
of ligand was weighed out for each titration separately, which results in greater accuracy
but is accompanied by a loss in precision. All other reactants were introduced as solutions,
usihg an automatic burette (Dosimat E665). Use of the latter enhanced the accuracy of the
measurements as well as the efficiency of preparing titrations covering the required ranges
of component concentrations. In order to exclude carbon dioxide and dioxygen from the
reaction \}essel, an inert atmosphere was maintained throughout the titration by passing
dinitrogen over the surface of the solution and subsequently releasing it to the atmosphere
via a trap containing the background electrolyte. The high purity gas was obtained by
bubbling commercial dinitrogen through a set of wash bottles containing the following

solutions:

45



i. 50% w/w potassium hydroxide solution to remove carbon dioxide
impurities
ii. Fieser's solution consisting of 20g potassium hydroxide, 2g sodium
anthraqui.none-2-sulphonate and 15g sodium dithionite in 100 ml
water to remove dioxygen
Jjii. Excess lead wool in 250 ml of solution containing 50g potassium
hydroxide and 2.5g sodium 1,2-naphthaquinone-4-sulphonate to
remove trace amounts of dioxygen
iv. empty
v. distilled water
vi. background electrolyte of the correct ionic strength to humidify the

inert atmosphere.

The last three traps where thermostated to 25°C in accordance with the titration

conditions.

All solutions were made up using Merck Guaranteed Reagents or BDH Aristar
grade chemicals in glass distilled deionized water which had been boiled out in order to
remove dissolved carbon dioxide. The copper(Il) solutions were made up from the
dihydrated chloride salt, as chloride was the choice of background electrolyte, and
standardized against EDTA solution using Fast Sulphon Black F as indicator according to
the procedure given in Vogel [84]. Although the EDTA solution was made up as a
primary standard from the dihydrated disodium salt [85], it was standardized against a
zinc(II) chloride solution using indicator buffer tablets according to the procedure given in
the Merck handbook [86]. The zinc(II) solution was made up as a primary standard by
dissolving granulated zinc in concentrated hydrochloric acid. Due to polarization of the

metal surface the dissolution was facilitated by the addition of a strip of platinum.
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The hydrochloric acid and sodium hydroxide solutions were made up from Merck
Titrisol ampoules and standardized potentiometrically against recrystallized borax and
potassium hydrogen phthalate, respectively. As a further check, the two solutions were
frequently titrated against each other, the results consistently agreeing with those from the
solid standardizations to within 0.1%, a discrepancy regarded as satisfactory by even some
of the most stringent workers [87]. The basic solutions, although made up under nitrogen
in a glove box and stored in a high density polythene bottle fitted with a carbon dioxide
soda lime trap, were used for no longer than one week. Apart from the EDTA, all ‘
solutions were made up to an ionic strength of 0.15 mol dm™3 with respect to chloride

using the high purity sodium salt.

Volumetric flasks were calibrated with deionized water allowing not only for
density changes of the water with temperature but also for the volumetric expansion of

glass and the Archimedes effect on standard weights [19].

Two hydrogen ion sensitive glass electrodes (EA 109), together with a calomel
reference electrode (EA 404), were used alternately, for greater accuracy and electrode
recovery, to measure the potential. The reference electrode, which was filled with
saturated sodium chloride and allowed to stabilize for several days, was the best one of
three chosen on the basis of stable emf readings. The glass electrodes were chosen on the
basis of least drift and best electrode response, i.e. adherence of the slope to the theoretical
value together with small residuals in emf, as determined from strong acid, strong base
titrations using the subroutine CALIBT of the program MAGEC written specifically for
this purpose [88]. From this a value for pK,, applicable to the titration conditions used in
this study was also obtained, as well as initial estimates of E° for the two electrodes.
Refined E° values, used for the protonation analyses, were determined on a weekly basis
from potentiometric titrations of the well characterized primary standard, potassium

hydrogen phthalate. Due to periodic electrode variations, discussed previously, the emf of
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a particular hydrochloric acid solution used throughout, was determined prior to each
titration and the E° values were adjusted according to changes observed in this reading. In
the case of the complexation determinations, E° values were often determined using the
data obtained from the protonation titrations of the ligand solution carried out prior to

metal ion addition which thus constitutes in situ electrode calibration.

A typical titration sequence for the potentiometric determinations is thus given by
the following. Acidic ligand solutions ranging in concentration from about 5 to 20 mmol
dm™3 were titrated with base, followed by a further titration against acid, to determine the
reproducibility and reversibility of the system as well as the protonation constants of the
particular ligand. Ideally, in the case of the complexation determinations, the initial
titration of the ligand was followed by the addition of the required amount of metal ion to
the now basic ligand solution. This was then titrated with acid until precipitation occurred

as was the case with most of the ligands investigated in this study.
An idealized computational procedure employed for the determination of

protonation and complexation constants is represented by the flow diagram on the

following page.
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3.4 RESULTS AND OBSERVATIONS

The results presented are in the form of overall formation constants unless
otherwise specified. For convenience concentrations are given in either mol dm-3 or mmol
dm3. The species are defined throughout this section in terms of the three stoichiometric
coefficients given in the order M, L and H; for example, 21-2 denotes the species M,LH _,,

whereas 012 denotes the protonated ligand species LH».

A value for pK, (i.e. - log K,) of 13.73 was obtained from several strong acid,
strong base titrations at 0.15 mol dm™3 using the program MAGEC for analysis of the data.
This value is in good agreement with those of Dyrssen et al, 13.75 at 0.4 mol dm™3 [89]
and Teder, 13.72 at 0.1 mol dm™3 [90] and was thus used throughout this study. Since pK,,
is an important parameter especially for work carried out mainly in the basic region, as was
the case in this study, a further analysis using ESTA on the protonation data o-f potassium

hydrogen phthalate was performed. This resulted in an identical value of 13.73 for pK,,.

The titration data were generally analyzed using the program ESTA with the
refinement technique, OBJE, as the method of choice. Unfortunately this method of |
refinement could not be used throughout since frequently only the OBJT procedure would
lead to convergence. Whenever possible therefdre OBIJE results were checked using the
OBJT method or the program MINIQUAD which, although not identical, usually gave

quite similar values.
Standard deviations, used in the weighting procedure, of .05 ml, .10 mV and .005

ml, were imposed on the systems studied, for errors in the parameters of initial vessel

volume, emf reading and volume of titrant, respectively.
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Debye-Hiickel corrections to allow for the effect of changing ionic strength on
activity coefficients, and hence formation constants, were initially used in the OBJE
refinements. This effect on the constants was however found to be negligible and the
feature of ionic strength correction was therefore abandoned as its implementation is rather
tedious. Furthermore, since neither OBJT nor MINIQUAD allow these corrections to be

made, it was decided for consistency not to make use of this feature.

Since most of the ligands were found to be hygroscopic, sometimes to a
considerable extent, accurate weighing was fairly difficult. Thus a parameter that was

generally refined in addition to the stability constants, was that of the ligand concentration.

3.4.1 PROTONATION

All five ligands showed a very similar fiyy versus pH dependence with only a slight
shift in the position of the curves along the X-axis. Therefore the experimental and
theoretical formation curves of only the two ligands, SUM and 656UM, which were
chosen on the basis of having the lowest and highest protonation constants, are presented
in Figures 3.3 and 3.4 respectively. For the sake of clarity only a small number of
experimental points of a few representative titrations with different initial ligand

concentrations have been shown.

The experimental curves coincide very well for different ligand concentrations,
which indicates the presence of only mononuclear binary species, as well as a high degree
of experimental precision and good reproducibility of the systems. Using the refined log
Boi; values given in Table 3.1, together with the relevant titration conditions, theoretical
fiy versus pH curves were calculated and plotted as solid lines on the same set of axis in
Figures 3.3 and 3.4. These superimpose very well with the experimental plots lending

confidence to the values of log B, determined in this study.
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Figure 3.3 : Experimental (symbols) and theoretical (solid line) protonation curves for the ligand
5UM.
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Figure 3.4 : Experimental (symbols) and theoretical (solid line) protonation curves for the ligand
656UM.
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Table 3.1 : Logarithms of the overall protonation constants, f,, , for the diamino diamide ligands
| investigated in this study at 25°C and 0.15 mol dm™3 (Na)[Cl], together with literature values for
| the same and related ligands with similar functional groups for the purposes of comparison. A pK,,
of 13.73 was used throughout and the standard deviations have been rounded. np and n, refer to
the number of titrations and titration points, respectively. Log K, is for the reaction

LH+H = LH,

Ligand Species logfy, SDEVin logK, ny n, pHrange RH (Ryp)
o1r log

SUM 011 8.72 002
5 276 59-104 .00567 (.00423)

012 16.63 002 7.91

6UM 011 8.83 001 -
17 822 52-11.6 .00534(.00275)

012 16.91.  .o01 8.07

656UM 011 9.52 002
7 295 57-114  .00785 (.00132)

012 18.38 .002 8.86

SUE 011 9.23 .001
3 229 60-111 .00199 (.00189)

012 17.72 .001 8.49

6UE 011 951 * .002
5 294 6.1-114  .01127(.00690)
012 18.15 .003 8.64 '

Literature Data

Ligand Species log Bo;r log K, medium / mol dm™3 Reference
S5UH 011 9.31 0.1 KNO;, 22°C [91]
| 012 17.74 8.43

6UH 011 - 9.40 " "
012 1808 868

656UH 011 10.15 0.1-,25°C [92]
012 19.54 9.39

5UM 011 893 0.5 KNO3, 25°C [93]

012 17.12 8.19
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As can be seen from the protonation curves, the maximum value of fiy is in each
case equal to 2 , which conforms to the protonation of the two tertiary amine nitrogens of
the ligands. Further protonation of the ligands was not expected as the lone pair of
electrons on the amide nitrogens are used to stabilize this functional group. Amides are in
fact very weak bases being protonated only by strong acids and then only at the carbonyl
oxygen and not the nitrogen. On the other hand to form the amide anion requires strong
base such as alcoholic KOH. These will therefore not occur under the conditions
employed in this study. However if the amide possesses another coordination site at a
position that can result in the formation of 5 or 6-membered chelate rings with a metal ion,

then the amide proton readily dissociates even under neutral conditions (see later) [44].

Both the protonation constants, log fy1; (= log K;) and log K,, for the various
ligands investigated in this study show an increase in basicity in the order SUM = 6UM <
656UM which can be explained by the greater inductive effect of the longer alkyl side
chains. of the latter ligand, with the longer central alkyl chain of the 6UM ligand having
very little effect. Similarly, the constants for both protonation sites of the tetraethyl
derivatives show a marked increase in basicity in the order 5UM < 5UE and 6UM < 6UE

as expected on the basis of the increasing inductive effect from methyl to ethyl.

Considering the ligand pairs SUH and 5UM, 6UH and 6UM or 656UH and
656UM, it is seen that the primary amines are more basic than the tertiary amines by
roughly half a log unit, in each case. Although the methyl groups are better electron
donors than hydrogen, which should result in the tetramethyl ligands being more basic due
to the inductive effect, this is found only in the gas phase. It is well known that the
expected order in the basicity of amines of NRH, < NR,H < NR; as observed in the gas
phase is altered to NR3 < NRH, < NR,H in solution owing to the varying effect of

solvation by water, which is a striking example that solvation energies may confuse the
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interpretation of potentiometric results as was previously pointed out [94, 95]. Thus the

ligands in this study conform to expectations.

3.4.2 COMPLEXATION WITH COPPER(II)

In this section the various formation and deprotonation curves together with the
overall complexation constants and the speciation diagrams calculated from these will be
presented for each ligand with copper(Il). Once again, as the curves for the different
ligands all have quite similar features, only representative titrations with a small number of
data points for clarity, will be shown for the purposes of illustration. Furthermore,
observations which are common to all the systems will only be made once in the following
section. For the computational refinements and data visualization of each system the
respective protonation constants presented in the previous section were used. As an
indication of the possible problems to be encountered in the investigation, the following
can be quoted from a paper by Williams et al [78] : 'In common with all mathematical
treatments of non-simple mononuclear systems we are faced with the qualitative problem
of finding the best set of B's and the quantitative task of assigning values to these B's.
Qualitatively, the possible B's are limited by the coordination numbers of the metal ions

and by the denticity of the ligands.'

Of the five ligands investigated in this study, 6UE was found to be unable to
complex copper effectively resulting in the presence of copper hydroxide precipitate
throughout the titrations. Copper(II) complexation with this ligand will therefore not be

discussed any further.
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An attempt was made to investigate the complexation of the ligand 6UM with
zinc(II). This was however unsuccessful due to severe zinc(II) hydroxide precipitation, but

acts as an indication of ligand specificity for copper(Il).

Each of the four copper(Il) diamino diamide ligand systems were found to have the
110, 11-1 and the uncharged 11-2 in common as major species. Furthermore, depending
on the distance between the amide groups, the 21-2 complexes were also found to be
important for the oxalyl derivatives, but were absent in the malonyl systems. Therefore, as
a consequence of these major species in solution, each of the formation curves shows the

characteristic back-fanning associated with hydroxo complexation.

As complexation generally occurred in the basic region at a pH greater than 5, the
copper(Il) hydrolysis equilibria together with their constants (given below) were
incorporated in the computational refinements. Values for the constants pertinent to an

ionic strength of 0.15 mol dm™3 were calculated from the equations and data given in Baes

and Mesmer [96].
CuZt + H,0 == (CuH_)* + H* log B10.1 = -7.87
CuZ+ + 2H,0 == (CuH_) + 2H* log 0.2 = -14.33
Cu2+ + 4H,0 = (CuH_g)Z" + 4H* log B1o.4 = -39.03
2Cu2+ + 2H20 == (@21'1_7)2"' + 2H* lOg ﬂ20_2= -10.65

Of possible greater effect on the determined stability constants is the association
between copper and the chloride anion, which is after all present in quite high
concentrations. This influence can of course be taken into account by also incorporating
the copper chloride equilibria, together with their constants in the computational

refinement process. Alternatively, allowance could be made for copper(Il)-chloride
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complexation by multiplying the formation constants given in the following tables by the

factor

1+ [CI"} B30 + [CI"P2 By2o + [CUP B30 + [CI14 Brao

where the ﬂpqo 's refer to the various copper chloride species. This was found to have the
effect of increasing the value of log ;¢ for example by an amount of 0.05 .01 [95]. In
line with current practice however, neither of the above methods of correcting for copper
chloride association have been employed in this study and it must therefore be borne in

mind that the constants are strictly applicable to a 0.15 mol dm™3 chloride medium only.

As it is evident that various structures could potentially exist for the species in
solution, possible coordination sites will be discussed in a following section after further

experimental work has been carried out.

3.4.2.1 N,N' bis [2-(dimethylamino)ethyl] ethanediamide (5UM)

From an experimental point of view this was the easiest of the systems
investigated. Titrations of various ligand to metal ratios ranging from 3 : 1to 1 : 1 were
carried out in both directions. These were replicated with identical titration conditions and
showed good reproducibility. Even at the low ligand to metal concentrations no copper

hydroxide precipitate formation was observed.

However the computational analysis of the potentiometric data presented great
difficulty owing to the problem of having to decide on a 'best' model describing the
system. Three models came into consideration consisting of the species 110, 11-1, 11-2
and 21-2, plus either 21-3, 21-4 or both of these. Since it was very difficult to decide

between the first two models, constants for both have been presented in Table 3.2, together
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with values reported in the literature. Attempts to refine constants for species with more

than one ligand per metal ion were unsuccessful.

Table 3.2 : Logarithms of the overall stability constants, ﬂpqr, of copper(Il) with SUM for two
possible models, determined at 25°C and 0.15 mol dm™3 (Na)[Cl], together with constants reported
in the literature.

Species  logf,,, SDEVin np n, pHrange conc.range  RHE, (Ryp)

pqr log mmol dm™3
Model One
110 8.33 02 8 588 45-109 [L}:4.7-10.7 .01088 (.00554)
11-1 1.06 .02 [M]:245-75
112 -7.06 01
21-2 0.79 .01
21-3 -6.89 .03
Model Two
110 8.44 01 7 475 45-109 [L]:4.7-10.7 .00898 (.00542)
11-1 1.28 01 M]:245-1.5
11-2 -7.24 .01
21-2 0.74 .01

21-4 -15.36 02

Literature Values

Calculated from data reported by Zuberbiihler and Kaden [93] for 0.5 mol dm™3 KNOs;.

par (log B) : 110 (8.26); 11-1 (.55); 11-2 (-7.44); 21-2 (1.49); 21-3 (-7.30); 21-4 (-16.66)

Model one has a reasonably low R-factor and small standard deviations in log ﬂpq,
as well as.a very good qualitative correspondence between calculated and observed plots

for both fi and Q as can be seen from Figures 3.5 and 3.6, respectively.
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Figure 3.5 : Experimental (symbols) and theoretical (solid line) complexation curves for various
ligand to metal ratios of the copper(II)-SUM system.

The formation curves, particularly those of higher ligand to metal ratios, level off at
a value of fi equal to 1, indicating the presence of ML as a major species, before fanning-
back due to the formation of hydroxo species. The latter are in reality not true hydroxo
species but originate from the loss of the amide protons upon metal ion coordination, as
has been reported previously by other workers [44, 52, 93]. Essentially the li gand has been
defined as having only two dissociable protons, i.e. the amine protons, whereas more than
two protons are actually displaced on complexation. This is mathematically
indistinguishable from an uptake of hydroxyl ions resulting in the apparent hydroxo
complexes MLH_;, MLH_; and M,LH ,, i.e. 11-1, 11-2 and 21-2 respectively. As can be
seen from Figure 3.5 the various formation curves corresponding to different ligand to
metal concentration ratios are split up in the region of i less than one, clearly indicating

the presence of polynuclear species.
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Figure 3.6 : Observed deprotonation curve for a 2.5 : 1 ligand to metal ratio titration of the
copper(II)-SUM system together with the calculated curve using constants from model 1.

The Q deprotonation curves were all quite similar, therefore the observed and
calculated plots of only one titration are shown in Figure 3.6. The shape of the curves is
also representative of the other ligand systems. Since the Q function has not been as
extensively used in the literature as the i function, some of its features will be dealt with
here. The solid line in the figure, which starts off at a value of 2, represents the average
number of protons bound per ligand according to the measured pH, and is given by fig™
This is an indication of the number of protons available for displacement by the metal ion
on coordination at a particular pH. As can be seen from the figure the curves of the
observed and calculated deprotonation functions Q, rapidly move up to intersect the
protonation curve fi* at a pH of 6, reaching a maximum value of about 2.5 at pH 8.2.
From here on the curves run roughly parallel to the protonation curve and then level off at
a value of 2 in the strongly alkaline region. This means that from a pH of about 8.2

onwards two additional protons have been displaced per metal ion on complexation,
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resulting in a total of four protons. Since Q is defined as the number of protons displaced
per metal ion this could indicate the presence of major species with a 1 : 2 metal to ligand
ratio of stoichiometric coefficients, i.e. two ligands per metal ion each with two protons

that have been displaced.

However the data are also consistent with the displacement of two additional
protons from one ligand molecule again resulting in a loss of four protons per metal ion

indicating a major 1 to 1 metal to ligand species, as was found to be the case in this study.

The second model in Table 3.2 has the better R-factor, although based on the
Hamilton test this is not statistically significantly different to the first model. It also has
smaller standard deviations in log ﬁpqr. However this model shows a marked discrepancy
between the observed and calculated Q curves at high pH as can be seen from Figure 3.7,

although the fit in the fi curves is indistinguishable from that observed for the first model.

3
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Figure 3.7 : Observed deprotonation curve for a 2.5 : 1 ligand to metal ratio titration of the
copper(II)-SUM system together with the calculated curve using constants from model 2.
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This is due to the fact that the function i shows only a small portion of the whole
data, being undefined in the basic region from a pH of about 8 onwards for a 2.5 : 1 ligand
to metal ratio titration of this particular system. This underlines the importance of the
deprotonation function as a means of visualizing the titration data. Calculated and
observed titration curves can also be used to visualize all of the data, but this method is
unsatisfactory as these plots are rather insensitive to changes in log ﬂpqr Another point
detracting from model two is that the species don't show a natural stepwise progression, -
which is always difficult to account for. Thus, for the purposes of further calculations,
model one was chosen as providing the best description of the copper(I)-SUM system

based mainly on the qualitative criterion of a better fit in the Q curves.

The third model which included both complexes, as was found by Zuberbiihler and
Kaden [93], had the largest R-factor with a value of .01153 as well as large standard
deviations in log ﬂpqr ranging from .03 to .09. Furthermore a similar discrepancy between
the observed and calculated Q was observed as for the second model. As this should
theoretically have shown the best statistical fit, since one additional parameter is being

optimized, model three was therefore disregarded on the basis of Ockham's razor [83).

Figure 3.8 represents the species distribution of a 2 to 1 ligand to metal titration,
calculated by the program ESTA using the constants of model one. From this it can be
seen that all five complexes aré relatively important, in particular the 11-2 species in the
basic region, and the 21-2 binuclear complex in the region of neutral pH between 5 and
7.5. This results in virtually no free copper being present in solution at a pH greater than
6. Apart from the strength of complexation, 21-2 coordination effectively doubles the
ligand concentration, which could contribute to the fact that no copper hydroxide

precipitation occurred , even in the 1 to 1 ligand to metal titrations.
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- Figure 3.8 : Species distribution of the copper(IT)-SUM system for a 2 : 1 ligand to metal ratio.

A final observation that should be made is about the colour changes of the solutions
that took place during the course of the titrations. These proceeded from an intense violet
in the strongly alkaline solutions through a dark blue to a very pale, light blue in the mildly
acidic region. Thus a change in species distribution with pH, as observed in Figure 3.8, is
accompanied by a change in the cblour and intensity of the solutions. This is due to the
fact that the different species absorb light in different parts of the spectrum according to
the number of nitrogen atoms in the coordination sphere of the copper ion, which will be

discussed in greater detail in a later section.
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3.4.2.2 N,N' bis [2-(diethylamino)ethyl] ethanediamide (5UE)

Although this ligand does not exactly fit into the homologous series having N
terminal alkyl substituents that are different from those of the other ligands, its
complexation with copper(Il) was studied in order to determine the consequences of the
more strongly inductive effect versus greater steric crowding of the ethyl groups on the

strength of binding.

Solutions with ligand to metal ratios ranging from 3.5 : 1to 1 : 1 were titrated with
either acid or base and apart from a slight formation of copper hydroxide precipitate at
neutral pH in the low ligand to metal ratio titrations, the investigation of this system was

relatively straightforward resulting in the refined constants given in Table 3.3.

Table 3.3 : Logarithms of the overall stability constants, ﬂpq,, of copper(II) with SUE, determined
at 25°C and 0.15 mol dm3 (Na)[Cl].

Species  logfy,, SDEVin  nr n, pHrange conc.range  RH, (Ryy)

pqr log 8 mmol dm™3

110 8.16 01 8 552 4.8-11.0 [L]:5.2-179 .00891 (.00411)
11-1 035 005 [M]:20-5.0

11-2 -8.49 01

21-2 -1.72 03

As in the case of the copper(II)-SUM system, a constant for the 21-3 complex
could be refined for some of the titrations. However, the R-factors of such models were in
fact larger and the fit between the calculated and observed fi and Q curves was not any
better than for the simpler system reported in the table and therefore on' the basis of

Ockham's razor these models were not considered. As the Q curves were quite similar to
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those of the previous system only the complexation curves of the ligand SUE with

copper(II) are presented in Figure 3.9. The calculated plots are again shown as solid lines.
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Figure 3.9 : Experimental (symbols) and theoretical (solid line) complexation curves for various
ligand to metal ratios of the copper(I)-SUE system.

In contrast to the copper(II)-SUM system, only a slight splitting of the formation
curves for different ligand to metal titration ratios is observed in the region of fi less than
one, indicating the lesser importance of the polynuclear species. This is also reflected in
both the smaller value of the 21-2 constant and in the species distribution plot given in
Figure 3.10, with the curve of the 21-2 species lying below that of the 110 complex. The
experimental solutions were also less intensely coloured throughout the titrations and not

quite as violet in the strongly alkaline region as in the case of the copper(I)-SUM system.
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Figure 3.10 : Species distribution of the copper(II)-SUE system for a 2 : 1 ligand to metal ratio.

3.4.2.3 N,N' bis [2-(dimethylamino)ethyl] propanediamide (6UM)

This system presented the greatest experimental difficulties as formation of copper
hydroxide precipitate occurred in all titrations, even for very high ligand to metal ratios
indicating weak complexation of copper(ll) by the ligand 6UM. Based on the analogous
series of tetramine ligands this was very surprising as it had been expected that the ligand
6UM would be a stronger metal ion complexor than SUM. In fact determinations could
only be carried out successfully by adding metal ion to very basic solutions of the ligand in
large excess, and titrating these with acid until precipitate fom;ation was observed.
Carrying out the titration in the opposite direction resulted in a persistent precipitate even

in the very alkaline region.
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This weak complexation, with precipitation occurring at a pH of about 6.4 for
titrations with ligand to metal ratios in excess of 6 : 1, made the computational analysis
extremely difficult, not froml the point of view of species selection but in the choice of |
'best' values for the constants This reqliired carrying out a considerable amount of
computations which is not immediately evident from the results. As can be seen from the
formation curve for the copper(I)-6UM system given in Figure 3.11, the value of ii does
not fall very much below 0.6. The deprotonation function Q given in Figure 3.12 for a 4.5

~: 1ligand to metal ratio does also not reach the pH-axis.

7—-
+ 4:1 L:M ratio
6 O s2:1 ° °
¢ 82:1 - .
5+ A 48:1 *
Theoretical
4+
n
3_.
2_
1;—
0 ] 1 1 | . | I 1 ] i i J
2 2.5 3 35 4 45 5 5.5 6 6.5 7

Figure 3.11 : Experimental (symbols) and theoretical (solid line) complexation curves for various
ligand to metal ratios of the copper(II)-6UM system.

Therefore not many data points were obtained in the region of 110 complexation,
resulting in mathematical correlation of variables. One method of circumventing this
problem would have been to use a copper(Il) ion sensitive electrode. Since such an

electrode was not available, another approach was adopted, namely of carrying out
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Figure 3.12 : Observed and calculated deprotonation curves for a 4.5 : 1 ligand to metal ratio
titration of the copper(Il)-6UM system together with the calculated curve using the refined
constants from Table 3.4

titrations with very high ligand to metal ratios and small increments in the titrant in order
to extend this region of complexation to the limit and obtain a greater number of data
points. The latter method was successful resulting in an analysis without correlation, from
which the constant for the 110 species was obtained. This was fixed in the refinement over
all the titrations, including those with lower ligand to metal ratios, and resulted in the three
constants for the copper(II)-GUM system reported in Table 3.4, which gave quite a good
theoretical fit with the experimental points as can be seen from Figures 3.11 and 3.12 for ii

and Q respectively.
Using the refined constants from Table 3.4 the speciation diagram, given in Figure

3.13, for a 4 to 1 ligand to metal titration of the copper(II)-6UM system was constructed.

Even though this distribution curve is calculated for a ligand to metal concentration ratio
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Table 3.4 : Logarithms of the overall stability constants, ﬂpqr, of copper(Il) with 6UM, determined
at 25°C and 0.15 mol dm™3 (Na)[Cl].

Species  log ﬁpq, SDEV in nr n, pHrange conc. range RH, (Rjim)

Pqr . log mmol dm™3

110 6.51 01 12 817 64-110  [L]:80-19.1 .00790(00536)
11-1  -1.54 005 M]:1.7-36

11-2 -8.94 .002

that is double that employed for Figures 3.8 and 3.10, it is immediately evident that the
ligand 6UM is not as effective in complexing copper(ll) as either SUM or SUE. Compared
to the distribution diagram of SUM, the curve for the copper(Il) aqua ion is noticeably
shifted towards higher pH resulting in an appreciable free copper(II) concentration up to a
pH of about 7. This causes the ionic product to be exceeded and results in copper(Il)

hydroxide precipitation as observed during the titrations.
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Figure 3.13 : Species distribution of the copper(I[)-6UM system for a 4 : 1 ligand to metal ratio.
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The experimental solutions were even less intensely coloured than in the SUE
system with copper(Il). Furthermore the colour change on titrating with acid proceeded

only from a very faint violet to light blue.

3.4.2.4 N,N' bis [3-(dimethylamino)propyl] ethanediamide (656UM)

In order to complete the homologous series, titrations with the ligand 656UM were
carried out for various ligand to metal ratios from 2.7 : 1 to 4 : 1. No unexpected
difficulties such as undue precipitation were encountered during the expeﬁmental
investigation nor were there any problems experienced with the refinement of the titration
data. As can be seen from Figure 3.14 the formation curves are quite well-behaved

meeting the X-axis at a value for pL of about 10 and showing the characteristic fanning-

back at higher pH.
4._
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Figure 3.14 : Experimental (symbols) and theoretical (solid line) complexation curves for various
ligand to metal ratios of the copper(II)-656UM system.
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Using the refined constants presented in Table 3.5 the theoretical formation curves
were again calculated and plotted in Figure 3.14 on the same set of axis as solid lines.
These superimpose very well with the experimental curves giving some confidence to the

proposed model and the refined constants.

Table 3.5 : Logarithms of the overall stability constants, ,qu,, of copper(ll) with 656UM,
determined at 25°C and 0.15 mol dm™3 (Na)[Cl].

Species  log ﬁpqr SDEV in oy n, pHrange conc. range RE, (R;i)

pqr log B mmol dm3

110 8.39 .01 7 524 5.0-115 [L]:4.7 -14.7 .00591 (.00378)
11-1  -017 005 M]:1.7-38

11-2 -9.80 005

11-3 -21.87 01

21-2 -1.23 02

In contrast to the other three systems this model, describing the copper(II)-656UM
system, includes a 11-3 complex for the first time, as reported by Ojima and Nonoyama
[44] for the ligand SUH. As can be seen from the speciation diagram for the copper(Il)-
656UM system, calculated using the constants in Table 3.5, the 11-3 species becomes
increasingly important accounting for about 25% of bound copper at a pH of 11.5. Apart
from this additional species and the absence of the 21-3 complex the speciation diagram is
again quite similar to that of the copper(Il)-SUM system, although the curves have all been
shifted to a higher pH by between one and two log units. Even so this ligand is better able
to solubilize copper(Il) than 6UM, as is evident on comparing the positions of the copper
aqua ion curves in the two speciation diagrams, represented in Figures 3.13 and 3.15. This
is probably due to the stronger 110 complex and the existence of the 21-2 species in the

case of the ligand 656UM. The colour of the experimental solutions again changed during
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the course of the titrations but was far less intense and of a lighter shade of blue (i.e.

shifted towards longer wavelength) than observed for any of the other three systems.
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Figure 3.15 : Species distribution of the copper(II)-656UM system for a 2 : 1 ligand to metal ratio.

This then concludes the potentiometric study of the series of copper(Il) chelators,
with some rather unexpected results being observed. Before addressing these problems
however, what needs to be determined next are the actual structures of the various species
in solution since for some of the complexes a number of different possibilities exist,
between which potentiometry cannot distinguish. As the solutions of all four ligands with
copper(ll) exhibited a change in colour and intensity during the course of the titrations it

seemed appropriate to use UV/VIS spectrophotometry for this structure elucidation.
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3.5 UV/VIS ANALYSIS
3.5.1 THEORY AND PROCEDURE

In order to elucidate the structures of the various species formed in solution a
number of spectroscopic techniques can potentially be used, i.e. NMR, Infrared, R.aman or
UV/VIS spectroscopy. The use of Infrared is precluded owing to the fact that this
technique cannot be used for work in aqueous solutions as well as not being suitable in any
event because of the relatively low molar absorption coefficients in this spectral region,
requiring very high species concentrations, and limited accuracy of the absorbancé values.
NMR was also not suitable due to the presence of the paramagnetic metal ion coppex(Il) in
the systems under investigation. An attempt was made to analyze the solutions using
Raman spectroscopy. However the necessarily high species concentrations resulted in test
solutions that were too intensely coloured for any meaningful results to be obtained. Thus
as a change in the visible spectrum of the solutions had already been observed during the

course of the titrations the use of UV/VIS spectrophotometry was indicated.

This experimental technique can in fact be used in much the same way as
potentiometry for the quantitative analysis of equilibrium reactions, thereby determining
formation constants. This is due to the fact that the absorbance A of a solution is a linear
function of the concentration of the absorbing species, which is given by the Beer-Lambert

law

A =logl /1 =c¢cl

where I, and I are the intensities of the incident and emergent light
beams respectively

€ is the molar absorption coefficient

73



c is the species concentration in mol dm™3 and

l is the optical path length.

As the species concentration is a function of its formation constant and the reactant
concentrations, the former can essentially be evaluated. In a review on the subject,
McBryde discusses various experimental techniques as well as several graphical and

computational methods for the evaluation of the data obtained [97].

In systems where an overlap of absorbing species occurs the treatment of the data is
more complicated and is susceptible to error. For systems of more than one absorbing
species the Beer-Lambert law can be expanded to give the following linear combination in
terms of individual concentrations and molar absorption coefficients of the species

involved

AN = I(gfr ey + et oy + .+ g C)
= 1 Sgig | 3.26

If the path length is given in cm, eil is the molar absorption coefficient of the ith

species in solution at a wavelength of A and has the units mol1 dm3 cm-1.

Thus a set of simultaneous equations can be set up which can be solved for the
stability constants by some iterative refinement procedure. The use of UV/VIS
spectroscopy is especially indicated for the study of equilibria that do not directly or
indirectly involve protons, thereby precluding the use of glass electrode potentiometry, or
for which ion sensitive electrodes are not available. It has the further advantage over
potentiometry that the properties of more than one reactant or product can be directly

measured. Furthermore as the absorbance is a measure of the concentration and not the
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activity of the species, and since stoichiometric formation constants are expressed in terms
of concentration no further mathematical manipulation is therefore required although again

a constant ionic strength needs to be maintained.

An obvious requirement of the absorptiometric method is that the reaction being
investigated should be accompanied by appreciable changes in the absorption of light at
one or more convenient wavelengths. This was not exactly satisfied in the case of the
copper(II)-656UM system. A further drawback of the technique is the fact that owing to
experimental limitations the absorbance cannot be widely varied without decreasing the
precision of the measurement. The readings are therefore effectively confined to a range
covering about one order of magnitude which does not allow for a wide spread of reactant
concentrations to be employed. Furthermore, each complex contributes two unknowns to
the system of simultaneous equations, namely € and 8 thus doubling the number of
parameters requiring evaluation from the experimental results compared to potentiometry
[97]. Problems can arise when more than one species absorb at very similar wavelengths.
In proceeding from one species to another only small changes in € at a given wavelength
are expected for complexes with the same number of nitrogens coordinated to the central
metal ion thus making the technique unreliable. Lastly, significant parameter correlation

has been reported due to band overlap in electronic spectra.

UV/VIS spectroscopy can be used diagnostically for the determination of the
number of absorbing species present in solution by carrying out a graphical or computer
based rank analysis of the wavelength absorbance matrix [59]. Secondly the occurrence of
isosbestic points in a set of superimposed absorbance spectra for solutions of constant
metal ion and increasing ligand concentrations, is usually an indication of the presence of
only two absorbing species in equilibrium. However, a fortuitous combination of
circumstances could give rise to pseudo-isosbestic points with more than two absorbing

species in solution.
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Due to the complexity of the copper(Il)-ligand systems under investigation,
consisting of overlapping species with potentially very similar absorption coefficients,
together with the several other limitations of the absorptiometric method discussed above,
UV/VIS spectroscopy was not used for] the purposes of obtaining quantitative results. This
technique was used solely for reasons of “structure elucidation as the strength of
complexation had already been successfully determined by the more sensitive and accurate
method of glass electrode potentiometry.

Therefore we are more interested in the wavelength of maximum absorption of
each species, i.e. AM3%, which is related to the energy of the absorbed radiation by ihe well-

known expression

E=hv=~hc/A

where A is Planck's constant and
c is the speed of light,
and is a measure of the ligand field stabilization energy. This does not give a direct
measure of the strength of bonding, but only of the amount by which the degenerate d-
orbitals of the metal ion have been split due to the crystal field or more precisely in the
case of solutions due to the ligand field experienced by the central metal ion. The theory

involved is given in two very good accounts by Kettle [98] and Nicholls [99].

In particular the copper(Il) ion has the d9 electronic configuration which is the hole
equivalent of the d! configuration. Arising from these configurations is only the one
Russel-Saunders term or free ion ground state, namely 2D, which has the E; and Ty,
crystal field components. In essentially an octahedral field the 5 degenerate d-orbitals are

split, due to their spatial arrangement, into 2 higher energy e, and 3 lower energy tag
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orbitals or electron wave-functions with an energy difference of 10Dq. For the 49
electronic configuration the ground state of the complex is given by 2Eg and the excited
state, at an energy of 10Dq above this, by 2ng, which is the inverse of the d1 case. Thus
essentially only one absorption band occurs in the visible region of copper(II) complexes
due to d-d transitions, of which Amax js ap ‘indication of the ligand field stabilization
energy, 10Dq [100]. Band broadening is however observed for copper(Il) complexes due

to the presence of several overlapping bands as a result of Jahn-Teller distortion.

Different ligands affect the size of orbital splitting to a greater or lesser extent and
can therefore be classified in a spectrochemical series. According to Orgel this is given by
Cl” < Hy0 < pyridine < NHj; < ethylenediamine for the metal ion copper(Il), in the order
of an increasing effect on the size of 10Dq which in turn affects the wavelength of the
absorbed light. For example the [Cu(H,O)]2* species has a 10Dq of only 12600 cm™!
compared with the species [Cu(NH3)g]2* which has a much larger 10Dq of 15100 cm™!
[101}.

Furthermore, not only does the nature of the ligand but also the number of ligands
in the coordination sphere of the metal ion affects the size of 10Dg. For example, the
series of ammine aqua cupric complexes, [Cu(H,0)6., (NH3),]2t, shows absorption
maxima at 790, 745, 680, 645, 590 and 640 nm for n = 0 to 5, respectively [20, 101].
Therefore based on this trend it was thought that by evaluating Amax of the individual

species this would indicate the particular coordination involved.

The titration apparatus and the experimental solution conditions were identical to
those employed during the potentiometric work except that the titrations were carried out
manually allowing for the readings of absorbance versus wavelength to be taken after each
addition of titrant. Duplicate titrations of the four copper(II) systems were carried out with

ligand to metal concentration ratios ranging from 1 : 1 to 4.5 : 1. The solutions were
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continuously circulated through a standard flow-through quartz cuvette with a 1 cm path
length. The absorbance readings were taken with a PYE UNICAM 1700 analogue
machine at 10 nm intervals between 400 and 800 nm for about 15 different pH values per

titration and were adjusted according to calibration curves determined immediately before

and after each set of experimental measurements.

The systems were found to obey the Beer-Lambert law, although only a cursory
check was carried out as mainly qualitative results were sought from the absorbance data
in this study. In any event variations of this law generally do not occur when working with
dilute solutions and are nearly always caused by shifts in the equilibria of the absorbing

species due to the effects of dilution.

The analysis using a spectrophotometer has the added advantage over visual
observations of being able to discern the onset of precipitate formation more precisely, as

this is accompanied by unstable absorbance readings.

Using the analytical concentrations or the measured emf readings together with the
formation constants determined in the previous section, the concentrations of the various
species were calculated at each titration point by the subroutine ERR% of the program
ESTA which had been specifically modified for this purpose. Since the absorption
coefficients are based on the copper concentration these species concentrations were
adjusted in the case of the polynuclear complexes 21-2 and 21-3 by the stoichiométric
coefficients of coppef. These concentrations were imposed on the linear absorption
matrix, resulting from equation 3.26, which was then quite easily solved for the various ei)'
's by the method of Gaussian elimination with partial row pivoting using a simple BASIC
program written especially for thisk purpose. The results are presented as the electronic
spectra of the individual species plotted in the form of absorption coefficients versus

wavelength.
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3.5.2 RESULTS

The results of the UV/VIS analysis of the four copper(Il)-diamino diamide
systems are presented in Figures 3.16 to 3.19 and are given in the form of calculated
absorption coefficients versus wavelength for the various species in solution. In each case
the absorption coefficients are given in units of 103 dm3 mol™! cm"! and the wavelengths

in nm.
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Figure 3.16 : Calculated electronic spectra of the individual copper(II)-SUM species in aqueous
solution. The absorption coefficients are given in units of 103 dm3 mol-! cm1.
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Figure 3.17 : Calculated electronic spectra of the individual copper(I)-5UE species in aqueous
solution. The absorption coefficients are given in units of 103 dm3 mol1 cm™1,
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Figure 3.18 : Calculated electronic spectra of the individual copper(Il)-6UM species in aqueous
solution. The absorption coefficients are given in units of 103 dm3 mol™! cm™1.
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Figure 3.19 : Calculated electronic spectra of the individual copper(I1)-656UM species in aqueous
solution. The absorption coefficients are given in units of 103 dm3 mol-! cm-L,

As can be seen from the above figures most of the species have quite smooth
curves of absorption coefficients versus wavelength, with a distinct shift in their position

along the X-axis being observed for the different complexes.

In the case of the copper(I)-SUE system, the spectrum of the 21-2 species_ has not
been shown as its curve was very uneven, oscillating wildly with no observable trend.
Although this complex is quite important in the 2:1 ligand to metal titrations (see Figure
3.10), in the case of the 4 : 1 ligand to metal ratio employed in the UV/VIS titrations it is
present to a much smaller extenlt. The high ligand to metal ratios were necessary in order
to avoid copper hydroxide precipitation so that the analysis could be carried out over the
entire pH region resulting in a greater number of data points. Furthermore, as the

concentration profile follows that of the 110 species very closely and it is expected, c/o the
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analogous SUM species, that the electronic spectra of these two complexes are also very
similar, considerable error is associated with the calculation of the absorption coefficient
of the 21-2 species, which could explain the uneven curves. | Possibly the use of greater
differences in the concentration ratios might have solved this problem, but the ligand SUE

is not of major importance in this study and therefore no further titrations were carried out.

The wavelengths corresponding to the maximum absorption coefficients, Amax,
were determined from the above calculated electronic spectra and are given in Table 3.6
together with literature values of the ammine aqua copper(II) species for the purposes of

comparison.

Table 3.6 : Wavelengths in nm corresponding to the maximum absorption coefficients, A™2X, of the
various copper(II) species formed in solution with the ligands SUM, SUE, 6UM and 656UM. For
comparison literature values of AmaX for SUM and monoSUM [93, 102], as well as for the
[Cu(H,0)g.,, (NH3),]?* species where n = 1 to 4 are also given [101].

pqr
Ligand 110 111 11-2 212 21-3 11-3
S5UM 675 620 550 670 665 -
SUE 670 630 570 N/C - -
6UM 650 625 575 - ., - -
656UM 690 660 640 600 - 610
Literature Values
. SUM 650 630 550 660 670
monoSUM 690 670 (570

NHy n=1 n=2 n0=3 n=4 in [Cu(H;0)s,(NHy),I2*
745 680 645 590
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As can be seen from this table, or directly from the spectra, there is in most cases a
very marked shift in AMmaX with species type. Based on the results for the ammine aqua
complexes of Cu(Il) [101], this indicates a change in the number of nitrogen atoms in the
coordination sphere of the copper(I) ion, in going from one species to the next, i.e. from
110 to 11-1 to 11-2. As the curves of the 21-2 and 21-3 species for the copper(ll)-SUM
system virtually overlap with that of the 110 complex this suggests that an equal number of

nitrogen atoms are coordinated per metal ion in each of these cases.

The smallest shifts in AM3X gre observed for the copper(I)-656UM system which
also showed the least colour change during the course of the titrations. The largest shifts
are observed for the copper(I)-SUM system and parallel the data of the [Cu(H;O)g.p
(NH3),]?* species quite well although the A™2X of the 11-2 complex is considerably lower
than even the species with n = 4. Considering the spectrochemical series for copper(Il) in
which NH3 has a smaller effect on 10Dq than the ligand ethylenediamine, this enhanced
shift in AMaX js quite acceptable. Apart from the 656UM ligand, large shifts in Amax
corresponding to those of the [Cu(H,0)¢., (NH3), ]2+ system, are also observed for the

species of the copper(1I)-SUE and -6UM systems.

Therefore, based mainly on the data of the [Cu(H,0)4_, (NH3),]?* series for n = 2
to 4, it seems likely that the UV/VIS analysis in this study can be used to determine the
number of nitrogen atoms in the coordination sphere of the copper(Il) ion, thereby
indicating the most likely structures of the various copper(Il)-ligand species present in

solution. This will be further discussed in the next section.

An attempt was made to use the UV/VIS electronic spectra to help distinguish
between the two models given for the copper(II)-SUM system in section 3.4.2.1. Thus
concentrations calculated using the formation constants of the 2nd model were imposed on

the mathematical analysis of the UV/VIS data. This unfortunately once again resulted in
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smooth curves for the various species with reasonable and very similar A™3X values to
those obtained using model one. The method could therefore not be used to distinguish
between the two models. In retrospect this is probably not very surprising as the 21-3
species has been replaced by the spectrochemically very similar 21-4 complex in going

from model one to model two.

In the case of the copper(I)-656UM system however, the UV/VIS analysis was
instrumental in the determination of an improved model. Initially this consisted of the
species 110, 11-1, 11-2, 21-2 and the binary complex 120, and had an R-factor of ,00832.
The electronic spectra obtained using this model to calculate the species concentration,
resulted in very jagged curves for virtually all of the species, with no discernable trends.
Thus further refinement of the potentiometric data incorporating additional species was
carried out, resulting in the present model given in Table 3.5 which has a significantly
improved R-factor of .00591. The existence of a 11-3 species had not been previously
checked as it had not been found for any of the other systems and according to Ojima and

Nonoyama [44] was in fact less likely to form in the case of 6,5,6 type ligands.
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3.6 DISCUSSION

In this section the various possible structures of the different species in solution as

well as their relative strengths of complexation will be discussed using the results from the

preceding experimental sections and relevant literature data. In each of the proposed

structures it is assumed that water molecules occupy any unfilled coordination sites. For

easier comparison of the stability constants of the various species these are presented once

again in Table 3.7, together with the literature data of some related ligands with copper(I).

Table 3.7 : Logarithms of the equilibrium constants with copper(Il) and protons for the ligands
investigated in this study as well as selected values calculated from the literature for some related
ligands for the purposes of comparison. KnH refers to stepwise protonation constants and f,. to

the overall stability constants. See text for structure types.

log K log fyqr
Ligand n=1 n=2 110 11-1 112 212 21-3 11-3
SUM 8.72 791 8.33 1.06 -7.06 0.79 -6.89 -
6UM 8.83 8.07 6.51 -1.54 -8.94 - - -
656UM 952 8.86 8.39 -0.17 -9.80 -1.23 - -21.9
SUE 9.23 8.49 8.16 0.35 -8.49 -1.72 - -
H
log Ky log ﬂpqr of structure type medium  Literature
n=1 n=2 - la 1b 2d 32 /moldm™  source
monoSUM 8.65 - - - -0.38 -884 - S5 KCl, 23°C [102]
glycinamide 793 - 541 144 - - - 1-,25C 39}
p-alaninamide 9.19 - 5.1 - - - - ", " "
glyglyNH, 779 - 48 - -025 -821 - .1KNO3;25°C  [51]
glyalaNH, 783 - 52 -  -020 -919 - "o "
SUH 9.31 843 - - 9.42 1.91 -6.19 .1KNO;,22°C [91]
SMH 822 748 - - 75 - -630 " ,25°C  [50]
656DH 8.78 5.82 - - 12.58 4.50 -4.83 .1 Na(ClOy), " [103]
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Common to all four copper(I)-diamino diamide systems investigated are the

species 110, 11-1 and 11-2, the possible structures of which will therefore be discussed

together.

Considering firstly the UV/VIS data given in Table 3.6, the Am2X values of between |
650 and 690 nm for the 110 species of the various systems clearly indicate the pre'scnce of
two nitrogen atoms in the coordination sphere of the copper(Il) ion. Secondly the strength
of copper(Il) binding suggests the presence of at least bidentate complexation. Thirdly any |
uvnbound nitrogens would most certainly be protonated (see Figure 3.20) in the pH region
in which the corhplcxes occur, i.e. pH 4 - 10. This would lead to protonated complexes,

e.g. MLH, if solely mono-coordinate binding to the metal ion took place.
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Figure 3.20 : Species distribution of the ligand SUE with protons indicating the state of protonation
of the ligand with pH. Ligand SUE was chosen as example, since its protonation constants are the
most representative of the series of ligands studied.
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It is therefore very likely that the 110 species involve complexation by two
nitrogen atoms. Complexation through the amide nitrogens only, with the amine groups
remaining unbound, is however very improbable. Thus the most likely structures for the
110 species are the following, which essentially differ in the number of chelate rings

formed.

'I 2+
\I |/° \l N \/\'l‘n/+
Cu ! H Cu
/N\/ /N\/
R R R R
1a 1b

A further possibility is the structure in which both amine nitrogens only are bound
| to the metal ion, as was proposed by Desseyn et al [104] for the ligand 656UH with
copper(ll), in the solid state. The main reason for attempting the Raman study, was to
determine the possible existence of this structure in solution, as the observed intensity of
the characteristic N-H stretch might have indicated its presence or absence. Uhfortunately
this investigation was not successful for the reasons alréady described. However we do
not believe this structure to be very plausible for the systems in solution due to the size of

the chelate ring.

In order to decide between the two structure 1a'and 1b, knowing the stability
constants for the ligand HyN-CH,-CH,-NH-C(=O)H with copper(Il) would have been
very useful but these are unfortunately not available. The closest alternative ligands that
can be used as models for the binding in the 110 species are glycinamide and g-

alaninamide, ie. H,N-CH,-C(=0)-NH, and H,N-CH,-CH,-C(=0)-NH,, in which
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however the -C(=0)-N- group has been interchanged relative to the position of the amine
group. Therefore, in contrast to the ligands investigated in this study, the possibility of the
formation of two distinctly different 5-membered chelate structures, in the case of the
glycinamide for example, exists. Indeed these ligands are known to complex through the
oxygen of the carbonyl group in preference to the amide nitrogen, with constants for log B
of 5.41 and 5.1 for glycinamide and B-alaninamide, respectively. This reflects the greater
stability of the 5-membered versus 6-membered chélate rings, especially as the values of

log K;H for the two ligands are 7.93 and 9.19, respectively.

Good evidence for binding through the carbonyl oxygen is also given by the diethyl
derivatives of the above ligands, i.e. H,N-CH,-C(=0)-NEt, and H,N -CHZ-CHZ-C(=O)-
NEty, (with log 8 values of 6.18 and 5.51 respectively [105]), as the ethyl groups

effectively block coordination through the amide nitrogens.

This type of complexation, i.e. coordination through the amine and the adjacent
carbonyl oxygen is however not expected in the case of the diamino diamide ligands
investigated here as this would lead to the less stable 7 and 8-membered chelate rings

which furthermore incorporate two sp2 centers.

On proton loss from the copper(Il)-glycinamide complex, rearrangement in the
chelate ring occurs which results in coordination through the amide nitrogen similar to that
of structure 1a and for which a value of log 8 of -1.44 can be calculated from data given in
Smith and Martell [39] or -1.49 from Yamauchi et al [105]. This is roughly 2 log units
lower than in the case of the ligand SUM for which a value of 0.42 is calculated from log
Bi10 - log K, and strongly suggests the presence of a second chelate ring such as in the
case of structure 1b. This type of complexation has also been suggested by Kaden and
Zuberbiihler for the very similar mono-substituted ligand N-[2-(dimethylamino)ethyl]
ethanediamide, i.e. Me,N-CH,~CH,-NH-C(=0)-C(=0)-NH, [102].
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Secondly, as the ligands SUM and 6UM have very similar log KH values, the
constants of their 110 species would be quite invariant, if complexation took place through
only the one chelate ring (structure 1a), as this would lead to identical coordination for

both ligands.

Therefore owing to the large difference between the constants of the 110 species of
the ligands 6UM and 5UM or 5UE, of more than 1.5 log units, together with the enhanced
stability observed for the 110 species of the ligands 5SUM, SUE and 656UM, the most
likely coordination for the 110 complexes of the latter three ligands is therefore given by

structure 1b with two contiguous 5,5 or 5,6-membered chelate rings.

Considering the two constants for the 110 species of the ligands SUM and 6UM it
would be easy to make the deduction that a complex with two contiguous 5-membered
rings is more stable than one with contiguous 5 and 6-membered rings. Howevef the 110
complex in the case of the ligand 6UM could have either of the two proposed structures
and is therefore not necessarily directly comparable with the 110 species of the other
ligands. In fact comparing the 110 constants of the ligands 5UM and 656UM which
represent the 5,5 and 5,6-membered ring configurations respectively, it is seen that these
complexes have quite similar stability. Only on making allowance for the larger log KH
values of the ligand 656UM, is the greater stability of the 5,5-membered ring system
apparent. This is in contrast to the analogous series of triamine li gands for which the order
of stability for the copper(Il) complexes of 56tri > 55tri > 66tri has been determined [37].

Literature constants for these and some tetramine ligands are given in Table 3.8.
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Table 3.8 : Logarithms of the protonation and equilibrium constants with copper(Il) of the
analogous series of tetramine as well as triamine ligands at 25°C reported in the literature. K H
refers to stepwise protonation constants and ﬂpq, to the overall stability constants.

log K H - medium Literature
Ligand n=1 n=2 n=3 n=4 log 70  /moldm3 source

55tri 979 898 425 - 15.8 1KCl (372
56tri 1044 936 637 - 16.6 SKNO;, [37]
66tri 1065 957 172 - 14.2 1KCl T 7P
Stet 974 908 656  3.25 20.1 1- [39]
6tet 1008 926 68  5.45 23.2 " [40]

" 1025 950 728  6.02 23.9 SKCl [38]

656tet 1053 977 830 559 21.7 1- [40]

2 Values quoted in reference [37]

The unexpéctedly large difference in the stability of the 110 complexes of the
ligands 6UM and 656UM, which after all both have the ability of forming only the 5,6-
membered ring configurations, could be explained on the basis of a destabilizing effect of
the 6-membered ring when this contains a large number of sp2 centers thereby increasing
the 'bite size' even more, as is the case for the ligand 6UM. In contrast the 6-membered
ring of the 110 complex formed with the ligand 656UM, contains only one sp2 center
which possibly causes less destabilization. Furthermore, the formation of the second ring
containing the two carbonyl moieties results in only a small loss in entropy on
complexation when this ring is of the S-membered type as, according to Kaden and
Zuberbiihler [102], the planarity of the ~N-C(=0)-C(=0)-N- system is maintained without

loss of resonance.
In the limiting situation which is possibly the case for the ligand 6UM with

copper(I), the destabilization of the 6-membered ring could lead to its not being formed at

all, resulting in a complex of structure 1a with accompanying lower stability.
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Deciding on the structure of the 11-1 species is somewhat more problematic. The

most likely coordination schemes for this species are given by the following four

structures.
' 1+
: n _—
OWO {\I |/ \/\?/
N H _ N 0 R
N/ | >N\ N/
R/ \R R R R/ \R
2a 2b
'| 1+
0 ﬂ R 0 0
N\ A ) AN /N\/\N ,R
Cu Cu |l!
N/ \OH /N\/
R\ R R
2c 2d

As can be seen these essentially differ according to the number of nitrogen atoms
present in the coordination sphere of the copper(Il) ion. Structure 2a, suggested by Grieser
and Fallab for the ligand SUH with copper(lI), seems unlikely due to the large chelate ring.
Of the two structures 2b and 2c which both have only 2 nitrogen atoms in the coordination
sphere of the copper(ll) ion, the former is improbable due to the fact that the complex
~ occursina pH region in which most of the unbound ligand is doubly protonated and hence
the uncoordinated amino group is likely to be protonated. The structure 2c had been
proposed by Zuberbiihler and Kaden [93] for the ligand SUM based on the ecjuivalent type

of complexation of copper(Il) with the ligand monoSUM. They furthermore observed an
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absorption in the UV region of the latter species which was apparently due to hydroxo
complexation and which was absent in the 110 and 11-2 species of SUM. Also, a shift of
-only 20 nm in going from the 110 to the 11-1 species was determined for both monoSUM

and 5UM with copper(lI).

In contrast we observed a shift of 55 and 40 nm for the same change in species for
the ligands SUM and 5UE respectively (see Table 3.6). Secondly, the Amax yalues of 620
and 630 nm respectively are even below that of the ammine aqua cupric species with 3
ammonia groups coordinated to the copper(Il) ion. Furthermore the AmaX of the equivalent
mono5UM species, on which Zuberbiihler and Kaden had based their argument, has a
value of 690 nm, which is substantially different from the disubstituted ligands. Thus it
seems very probable that the 11-1 species, particularly of the ligands SUM and 5UE, has
the corresponding structure 2d in solution, although structure 2c cannot be ruled out

completely.

Even more so than before in the case of 110 complexation, the 11-1 constants
clearly indicate the greater stability of the 5,5-membered ring system over that of the 5,6-
membered chelate systems, which is again in contrast to the analogous series of triamine
ligands. Enhanced stability of the system with two contiguous 5-membered rings was also
observed by Yamauchi ez al [51] for the similar glyglyNH, and glyalaNH, ligands with
copper(I) undergoing the type of coordination as in structure 2d. However, for the
alternative binding type, such as in structures 1b or 2c, they found the stability of the
complexes of the above two ligands with copper(Il) to be very similar, which further
indicates the 11-1 species to have structure 2d. As before the large difference in stability
between the 11-1 complexes of 6UM and 656UM can be partly explaiﬂed by the greater

loss in entropy of the former ligand on complexation.
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Comparisons with the very similar hydrogen analogs of the ligands investigated in
this study of with the M and D-type of diamino diamide ligands could have been made but
these ligands are beset by the same problems of too many binding options and are

therefore in this respect of not much use.

According to Zuberbiihler and Kaden [93] and based on the absorption
maximum at 590 nm of the species [Cu(H,0), (NH3)4]?*, the Am3X values for the 11-2
species of the ligands SUM, SUE and 6UM indicate the presence of four nitrogen atoms in
the coordination sphere of the copper(I) ion. Coordination through the amide nitrogens
invariably indicates displacement of the amide protons which therefore results in the
uncharged species. Thus the most likely structure for the 11-2 species of these ligands
with copper(II) consists of three contiguous chelate rings all in the same plane and is given

by the following.
0
m .l
N
\
R R
3a

Unfortunately these conclusions as to the most probable structure are not supported
by the UV/VIS data of the copper(I)-656UM system. However, as the electronic spectra
of this system are the most ill-defined of the four investigated not too much weight should
possibly be placed on these results. Therefore, we believe by analogy, that the most likely
structure of the 11-2 species of this system is also represented by structure 3a. Further

evidence supporting this conclusion is given by several other studies [44], in particular the
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crystallographic structure determination of the four coordinate 656UH complex with
nickel(Il) as the metal ion [106]. The order in stability of the 11-2 species is slightly
altered, compared -with that previously observed for the 110 and 11-1 complexes, as the
656UM ligand was found to be the least stable in this case. However the 11-2 species of
the copper(II)-SUM system is once again the rﬁost stable by about 2 log units, which is in
marked contrast to the order in stability of the analogous series of tetramine ligands with

copper(I), i.e. 6tet > 656tet > Stet (see Table 3.8).

Ojima and Nonoyama have proposed a structure for the 11-3 species of the ligand
SUH with copper(Il) in which a hydroxyl ion has displaced one of the amine nitrogens
from the coordination sphere. However we believe this structure to be rather unlikely
considering the shift in AMaX to a lower wavelength by 30 nm from that of the 11-2 species.
Therefore a structure in which an axial water molecule of the 11-2 complex has been

replaced by a hydroxy! ion seems the most likely structure.

The AmaX values of the 21-2 and 21-3 species of the copper(II)-SUM system are
again virtually the same as that of the 110 species, indicating the coordination of two
nitrogen atoms per metal ion. Furthermore only one absorption maximum is observed in
the electronic spectra of these species, indicating a similar environment for both of the
copper(Il) ions. Therefore the most probable structures representing the species 21-2 and

21-3 are given by 4a and 4b, respectively.

R\N/-\ N o. R\N/\N 0 OH
4 \ N\ 7 AN
Cu Cu . Cu Cu "
4a 4b
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Further evidence supporting the proposed structures of these species is given by the
crystallographic determination of the Cu,(SUM)(NCS),+(DMF), complex according to
Yoshino and Nowacki [107].

In the case of the copper(II)-656UM system an additional structure may be
suggested for. the 21-2 species, but once again the electronic spectrum is rather poorly
defined. As the Am3X for this species lies at 600 nm and the curve in Figure 3.19 could be
construed as having a shoulder at about 700 nm, a structure with the copper(Il) ions in two
chemically different environments may be indicated. Such a structure is }given by the
following, where one copper(IT) ion is coordinated by four nitrogen atoms and the other by
the two carbonyl‘oxygens, with the remaining coordination sites being occupied by water

molecules.

'|2+
R\N/\N 0
R/\ / \
R Cu Cu
\N/ \N o/
7\
4c

Structures of this typé have lead to the notion of the 11-2 complexes being termed
'metal chelate ligands', as for example, in the formation of complexes with bis (2,2'-
bipyridine) nickel(II) [108] or 2,2'-bipyridine copper(Il) and pentaethyldiethylenetriamine
copper(I) [109]. This is due to the initial complexation of the four nitrogen atoms fixing
the carbonyl oxygens in a favorable position for further coordination to another metal ion.
However, strong evidence supporting a structure such as 4a above for the 21-2 species of
the copper(II)-656UM system is given by the crystallographic determination of
[Cuy(656UH)](NO3), according to Desseyn et al [104].
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In conclusion the most astonishing result of this experimental investigation was the
fact that the ligand SUM is not only much better at solubilizing copper(II), which could
have been explained solely by its ability to form the 21-2 species, but that it is also a
stronger complexor than the ligand 6UM, as is evident from the formation constants and
the visual observations during the potentiometric and UV/VIS titrations. This was rather
unexpected on considering the analogous tri- and tetramine ligands. The much étronge_r
complexing ability of the SUM ligand is immediately evident on considering the species
distribution with pH of a copper(Il) solution containing equal concentrations of the ligands

5UM and 6UM, such as is given in Figure 3.21, for example.
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Figure 3.21 : Species distribution of a 10 mmol dm™3 copper(Il) solution containing an equal
concentration of the ligands SUM and 6UM of 7.5 mmol dm™3 each. Copper(II)-SUM species are
represented as solid lines, whereas 6UM species are depicted by the broken lines.

Unfortunately, neither of the two experimental techniques employed could explain

this reversal in the order of the stability of the diamino diamide ligands with copper(II).

Therefore some other technique had to be applied to try and account for this anomaly. As
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it had been suggested that the greater stability of the 6tet complex versus that of Stet is due
to the steric constraints of the three linked 5-membered chelate rings of the latter which are
alleviated by the presence of a 6-membered ring, it therefore seemed pertinent to carry out
strain energy calculations. Hence it was decided to carry out a molecular mechanics

investigation on these and related systems in order to gain a better understanding of the

energetics involved.
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-CHAPTER FOUR
COMPUTER MODELLING




4.1 INTRODUCTION

. This section is based on the .general assumption that a direct relationship exists
between the structure and energy of a molecule. It can furthermore be assumed, to a first
approximation, that the molecule is described by a conformation that corresponds to the
deepest energy minimum or, to a more refined approximation, that the molecule is
described by an equilibrium mixture of conformers corresponding to all of the minima in a

Boltzman distribution.

In order to calculate the energy and structure of a molecule the most direct and
fundamental way would be to solve the Schrodinger equation for the particular nuclear
configuration. Using the Bom-Oppenheimer approximation which states that the .
Schrédinger equation can be separated into a part describing the motions of electrons and
another describing the motions of the nuclei and that these two sets can be studied
independently, this gives rise to essentially two different methods of performing these

calculations.

The first of these is the quantum mechanical (usually molecular orbital) approach
in which the nuclei of the system are fixed and the wave function of the three dimensional
electronic structure is formulated and solved by standard approximations. Only in the
simple case of the hydrogen molecule is an exact solution of the function possible. The
imposed positions of the nuclei are then changed and the process repeated until the total

energy minimum as a function of the internuclear positions has been found [110].

Although various approximations are employed in the ab initio calculations which
are necessary for situations more complex than the hydrogen molecule, this method
requires a great deal of computational time, even on truncating the infinite series of terms

of the wave function resulting in a smaller more manageable basis set. This is due to the
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fact that the number of calculations involved is a function of approximately the fourth
power of the number of basis orbitals of which there are several per atom. Therefore
several semi-empirical quantum mechanical alternatives have been employed in order to
reduce the computational requirements with a concomitant increase in the uncertainty of
the obtained results. However as the calculations need to be repeated for a number of

different nuclear positions, as in the case of structure optimization, the process is still quite

lengthy.

In the second approach, known as the force-field or molecular mechanics method,
the other part of the Born-Oppenheimer approximation is involved, i.e. the motions of the
nuclei are studied whereas the electrons are not explicitly considered. They are simply
regarded as the cause of the potential field in which the nuclei find themselves, the effects

of which are taken into account indirectly.

Thus the potential energy surface of the molecule in the ground electronic state is a
function of its nuclear positions and can be calculated using empirically derived potential
functions which are of the form of the classical equations of motion. This set of functions,
which constitute the force field, contains adjustable parameters, i.e. the force constants,
which are optimized to obtain the best fit between several calculated and experimental
properties of a number of molecules. The successful application of the method therefore
relies on the assumption that the force field and the constants are transferable, if not

amongst all compounds, at least amongst those of the same class.

Although the ab initio method does not require experimental data, it was decided to
use the molecular mechanics method in order to calculate the structure and energy of the
ligands and complexes in this study as these are quite large and include a third row atom,

which would have required substantial computational time. In addition force field
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methods have been extensively used for a number of years with much success and the

theory on which the method is based is relatively well understood.

The molecular mechanics method has been used primarily to calculate the most
predominant conformations of organic molecules, based on the principle of the minimum
energy structures being the most stable. In some cases these calculations have been further
refined to give activation energies of conformational interconversions as well as to
determine chemical reactivities, properties of molecular crystals, frequencies of vibrational

spectra and various thermodynamic parameters [110, 111].

In a similar fashion the intention was to use force-field calculations to explain the
anomalous order of stability of the series of diamino diamide ligands with copper(II)
observed in this study. Much less work has been done however on calculations involving
coordination compounds, for which the method is also less well understood. This is due to
the problems associated with coordination about the metal ion, as well as the difficulty of
applying the technique to complex heteronuclear systems. The calculations are therefore
generally not carried out to such a degree as those for organic molecules. Furthermore,
most of the work on coordination compounds has been performed on complexes involving
the metal ions Ni(Il) and Co(IIl) [112, 113, 114, 115, 116, 117, 118] for which a
reasonable number of force-field parameters are thus available. However, calculations
have only been performed on a small number of copper(ll) complexes and therefore very
few reliable parameters for the various interactions involving this metal ion exist [118,
119, 120]. Most of these studies center around the hole size best fit theory of Drew et al

[119] and Hancock et al [121, 122].
Several molecular mechanics programs are available to carry out the necessary

calculations of which three were considered, i.e. MM2 [123], MacroModel [124, 125] and
a program originally coded by Boyd [126] and modified by Snow [127].
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4.2 THEORY

The molecular mechanics approach has been extensively reviewed in the literature
[110, 111, 118, 128, 129, 130], thus only a short summary of the relevant theory involved
will be given here. The potential energy expressions making up a particular force field
have their origin in vibrational spectroscopy. The potential energy of a molecule with n
atoms, whose structure is defined by 3n coordinates, x;, and is deformed from its geometry
of minimum energy, can be given by a Taylor-series expansion [129]. On making various
simplifying assumptions, it can be shown that, to a first approximation, the potential
energy depends only on the third term of this series and can be given by the following

expression
vEpot = 1/2 2 (62E/ axian) Axi AXJ

where the derivatives can be replaced by the force constants, f;;. Thus a simple
harmonic force field is obtained, which describes a system of coupled harmonic oscillators.
Considering only the terms with i = j, which implies that the oscillators are not coupled, a
diagonal forcé field with Hook's law harmonic potentials results. In practise however, a

number of off-diagonal terms corresponding to a simultaneous displacement in two

_coordinates must be included for the force field to have transferable constants as it was

found that these cross-terms are significant especially in the case of 1,3 and 1,4-

interactions.

At present two types of force fields are commonly used in molecular mechanics
calcqlations, namely the Urey-Bradley and the generalized valence force field, which
essentially differ in their treatment of the above interactions. As all of the molecular
mechanics programs uséd in this study are based on the latter type of force-field, this will

be mainly discussed here.
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In the classical valence force-field the atoms of a molecule can be thought of as
being joined by mutually independent springs restoring bond lengths and angles to their
'natural’ values, i.e. elastic or harmonic forces are operative [128]. Thus a Hook's law
function can be considered as a first approximation for the bond stretching potential which

is given by

Ey = Yk (1~ 12

where Ej is the energy contribution to the total strain energy of the molecule, due
to the bond being stretched form its natural value,
k; is the bond stretching force constant (restoring the deformation)
1 is the actual bond length of the energy minimized structure and
1° is the 'natural’ bond length of the particular interaction, i.e. the strain-

free value.

For large deformations it would be more accurate to substitute a Morse potential
for the bond stretching interactions, however as simple potential functions are generally
used it is preferable just to add a cubic term to the above expression which thus becomes

the anharmonic function as used in MacroModel and MM2
Es = Y,k (1-1°92 + Y,k ! (1-1°)3 4.1
where k' is simply a factor of k.
The cubic term causes the function to become inverted at large distances and is

therefore only introduced after several refinement cycles of the calculations have been

completed.

102



Similarly the potential function describing bond angle bending (in-plane) consists
of a harmonic potential with additional higher order terms. The particular function used in

this study, employing a sestic term, is given by
E, = 1Y, ky (6-6°2 + 1/, k' (6 -6°)6 4.2

where ky, is the bending force constant with k' a factor of this,

0 is the bond angle and 0° the strain-free value.

Thus the energy associated with both the stretching and bending of bonds from
their natural values is to a first approximation proportional to the square of the deviation.
Furthermore, as kg is generally about 10 times greater than ky, molecular distortions are

apparent to a greater extent in angle bending than in the stretching of bonds.

In opposition to the in-plane bending potential given above, which could lead to
distortion in the pi bonding and a concomitant enormous increase in the double bond

energy of sp2 hybﬁdized atoms [129], is the out-of-plane bending potential given by
Eopb = 1/2 kopb 62 + 1/2 kb' 06 4.3
where k), is the out-of-plane bending constant and
0 is the angle between the atoms and their projection in the plane

described by the three atoms bound to the sp2 center.

The torsional energy associated with rotation about a usually covalent bond either

single or double can be described by the Fourier-series expansion

E, = Y, Vi (1+cosw)+ Y, Vy(l—cos20) + 1/, V3 (1 +cos3w) 4.4
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where w is the torsional angle defined in the figure below and

V4, V, and Vj; are one, two and three fold torsional energy parameters.

A/’\U 1
C=——D w
s —D

The torsional energy is a difficult concept to interpret for situations involving other
than double bonds and many rationalizations have been given, e.g. Vy is thought to
originate from dipole-dipole interactions, V, from hyperconjugation in saturated and
conjugation in ﬁnsaturated systems and V3 from steric interactions. The latter is not a
result‘of 1,4 van der Waals interactions, i.e. these two are separate contributions to the
steric energy as has been shown by ab initio calculations. Attempts have been made to
design a molecular mechanics force-field excluding torsional contributions but these have

failed to give even approximately correct results.

The final energy contributions to the total strain energy of the molecule originate
from non-bonded interactions of which there are several different types. Some of these

can essentially be thought to approximate the cross-terms mentioned previously.

The most important non-bonded interactions are the van der Waals interactions
between all pairs of atoms not bonded to one another or to a common atom, i.e. only 1,4
and higher interactions are considered. The former two cases are excluded as these
interactions are partly allowed for by the bond stretching and angle bending potentials,
respectively. The general shape of the van der Waals function is well established [131]
and results from two opposing forces, an attractive part due to electron correlation which is

inversely proportional to the sixth power of the distance separating the two atoms and a
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repulsive component at shorter distances which is generally inversely dependent on the
distance to the 12th power (Lennard-Jones 6/12 potential). The repulsive part is often
replaced by an exponential term resulting in a Buckingham potential. This is similar to the

Hill equation which was used in this study and is given by the following expression.

Evgw = §* [-cy(r*/1)8 + c, exp( ~cyr/ ™)] 4.5

where £* characterizes the depth of the potential energy-well for an atom pair and
is calculated from VG, Z,
€1, €3 and c4 are universal constants,
r is the interatomic distance and
r* is the sum of the van der Waals radii of the two atoms which is
somewhat larger than the distance of closest approach on which

the van der Waals radii are usually based.

This function has an energy minimum at an interatomic distance equal to r*, a very
steeply repulsive portion for r < r* and a flat region which asymptotically tends to zero at

larger distances.

One of the main assumptions made in the use of equation 4.5 is that the van der
Waals potentials, which have been derived from intermolecular interactions, are also
applicable to intramolecular interactions. Furthermore it is also assumed that the

interactions are additive and are not affected by other atoms in the vicinity.

The inclusion of 1,3-nonbonded interactions in the Urey-Bradley force-fields using
a harmonic potential is the major difference to the molecular mechanics force-field
described here. Clearly a harmonic potential for the non-bonded interactions of atom pairs

that are further apart than 1,3 is not suitable. Therefore from the notion that compressing
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of the bond angle leads to lengthening of the bond distances, and vice versa, a stretch-bend
cross term is introduced, especially if the parameters of the force field are to be
transferable, as the 1,3 interactions are only parﬂy taken care of by the angle bending

potential in cases where these interactions are severe. This potential function is given by

the expression
Ep = 1 ko (1 -1 +1; - 1;°) (8;; - 6;,°) 4.6
where kg, is the stretch-bend force constant
;° and 1;° are the strain-free bond lengths to the central atom and

6;° is the strain-free bond angle.

A further non-bonded term to be considered is that of the electrostatic interactions.
In contrast to MM2 which calculates a standard dipole-dipole electrostatic energy from

bond dipole moments using the equation
Edipole = WY /D rij3 (cos x — 3 cos a; cos aj)

where the geometric terms are as defined in the figure below.

MacroModel calculates the electrostatic energy using partial point charges according to the
equation |

Eclec = g; g /D T
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where q; and q; are the partial charges on the atoms calculated from the bond
dipole moments by the expression 8 = pu x 0.2082/1,
(where 1 is the bond length in Angstrém)
;; is the distance between the point charges and

D is the bulk dielectric constant.

Replacing the bulk dielectric constant by a distance dependent one, the above

expression for the electrostatic energy becomes
Ecjec = 9;9;/D rij2 4.7
which was the potential function used in this study.

The final 'non-bonded' interaction considered was that of hydrogen bonding
between acidic hydrogens and electronegative acceptor atoms. Several angle and/or
distance dependent functions have been proposed [132], later versions of MM2 use a
Buckingham type function similar to that employed for the van der Waals interactions,
whereas MacroModel uses an angle independent 10/12 Lennard-Jones potential given by

the following

'Ehb = C/I'l2 - D/I'lo 4.8

where C and D are empirical constants depending on the donor and acceptor
atom types and
I is the interatomic distance H--acceptor as opposed to the

donor---acceptor distance.

As can be seen from the above the force-field method uses potential functions from

classical mechanics (which is in fact the only reason why it is often referred to as the
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classical approach). This is a further reason for its use in preference to ab initio
calculations, as these functions are conceptually easier to understand than the Fock matrix

elements, eigen vectors and eigenvalues of the quantum mechanical methods.

The total energy of the molecule in the force-field is thus given by the sum of the
above energy contributions which are themselves summed over all possible interactions
(apart from certain restrictions mentioned) resulting in the following expression for the

steric energy

Ey = ZEg + ZEy + ZEq + ZE +
ZEvdw + ZEsb + ZEe]ec + ZEhb 49

This represents the difference in energy betwéen the real molecule and one in
which all structural parameters are at their strain-free values. Once suitable parameters
have been chosen from experimental data or ab initio calculations, the energy can be
calculated for a particular molecular geometry. At the energy minimum the derivatives of
the above expression with respect to each degree of freedom of the molecule must all equal
zero. Therefore, by optimizing the molecular geometry, the energy can be minimized,
using one of many gradient search or analytical methods, e.g. Newton-Raphson and

variants thereof, resulting in a minimum energy structure.

The steric energy so calculated is specific to the particular force field used and will
therefore differ from one to another. However it can be related to the eﬁ‘thalpy of
formation on knowing the various force field dependent group increments. Then, using
experimentally determined strain-free group increments the enthalpy of formation of a
strain-free molecule can be calculated and subtracted from the actual heat of formation to

give the strain energy of the molecule.
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This calculated energy is that of a discrete molecule and not that of the system as a
whole. As it is expected that several conformations of similar energy may exist in
solution, particularly for the more flexible structures, the mean energy of the system, U,
needs to be calculated. This can be obtained from a Boltzman distribution which is given

by the following expression [133]
N; = g; N, exp (- ¢;/kT)

where N, is the number of particles or molecules in any given energy state,
N; is the number of particles in an energy state whose potential
energy is e; above that of the given state,
g; is known as the degeneracy of the ith energy level,
k is the Boltzman constant and

T is the absolute temperature.

To calculate the fraction of the total number of particles that have a potential
energy e; above that of the given state, the total number of particles, N, in the system needs

to be determined. This is given by
N =2N; = N, Z g exp(-¢;/kT)

where X g; exp ( - ¢; / kT) is known as the partition function, f. The fraction of particles

with energy e, is then given by

N;/N = [giexp(-¢;/kT)]/f
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from which N;, representing the population distribution, is easily determined for the

various energy states on calculating the partition function. Thus the weighted mean energy

of the system can be determined from
U=[ZNE]/N

assuming that the kinetic energy is sufficient to populate all of the energy levels correctly.
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4.3 COMPUTATIONAL PROCEDURE

The particular approach used in this study, although not exactly novel, needs to be
explained in slightly gréater_detail and discussed together with the various additional
assumptions made. Unfortunately, the discrete steric energies calculated for différent
complexes cannot be used directly to obtain a measure of their relative stabilities as these
energies can only be compared for complexes with precisely the same binding, i.e. those
involving the same number and type of interactions, and which differ only with respect to
conformation. This is due to the fact that group increments are not available for
coordination compounds and hence enthalpies of formation cannot be calculated.
Furthermore these open-ended ligands do not lend themselves to the study of hole or cavity
sizes as has frequently been performed on macrocyclic compounds [117, 119, 121, 134,

135, 136, 137, 180, 181]. Thus a more subtle method of comparisons needs to be made.

N If it is assumed that the difference in steric energy between the free ligand and its
copper(Il) complex reflects the stability of the complex, then in order to obtain a measure
of the relative stabilities of different complexes, with the same type of binding, it is merely
necessary to compare the differences in energy on complexation of one ligand to a metal
ion to that of another ligand to the same metal ion, i.e. the difference in energy is the
increase in strain energy on complex formation. We can thereby assume that contributions
from additional group increments in going from one ligand to the next are effectively

cancelled out.

Furthermore as we are comparing structurally very similar ligands forming
structurally very similar complexes we assume that the entropy of complexation is constant
across the series. Hence any change in AG reflects a change in AH which in turn reflects a

change in strain energy.
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Using equation 3.8 and replacing AH by A(AU), where AU is the strain energy

change on complexation (AHgomp1ex = AHjjgang); this results in the expression

from which the difference in the logarithm of the stability constants of one cdmplex to

another can be calculated.

As the ligands are all nitrogen donor ligands and are all quite similar, forming part
of a homologous series, and since the metal ion is the same in each case, the assumption of
constant AS of complexation seems quite reasonable. For ligands with very similar pK,'s
the above is even more reasonable, as is the assumption that the change in AH (and
therefore the relative stability) is mainly due to a change in the strain energy and not the
binding energy. This is further supported by the fact that there is also no change in the
type of amine present. Thus we feel reasonably justified in using molecular mechanics

results to try and explain the anomalous order in the stability of the copper(II) complexes.

Needless to say this approacli would have to be verified. This was in fact done by
performing similar calculations on an analogous series of copper(II) tetramine complexes,
for which AH and AS results were available. Also a similar technique has been used by

other workers in the field of molecular modelling [113, 116, 138].

In order then to perform these calculations, first the steric energies of the free
ligands needed to be determined followed by those of the various types of complexes that
are formed. Since it was expected that several conformers of similar energy existed in
solution, especially for the flexible ligand structures, the mean energies of the systems
were calculated from a Boltzman distribution of the various populated states. For this

purpose a simple BASIC computer program was written. Furthermore, initial energy

112



calculations were carried out on simplified forms of the complexes, i.e. ignoring water
molecules occupying the unfilled coordination sites of the copper(II) ions. Thus square

planar coordination about the copper(II) ions was assumed, which is after all the limit of

tetragonal distortion.

Electrostatic interactions have presented serious problems in molecular m.echanics
calculations as they frequently overshadow all other interactions. Whilst the need for
including these type of interactions in hydrocarbon force-fields appears to be debatable
[111, 139] the situation is much mdre complicated for molecules containing more than one
appreciably charged atom and therefore the solvation of charges and dipoles should

possibly be dealt with explicitly.

As has already been pointed out in the previous section there are two basic ways in
which electrostatic interactions are currently modelled by molecular mechanics methods.
These lead essentially to the same results. More advanced approaches have been
employed [125, 140], but require a substantial increase in effort and therefore one of the

simpler techniques, in particular the method of partial charges, was chosen.

Both of the above techniques require a value for the dielectric constant. The
effective constant actually operative in close proximity to the molecules may be
substantially different from the bulk value but can unfortunately not be measured.
Therefore the technique of using such a constant, although it was investigated, was finally

not used.

Sincev the stabilities of the complexes were measured in aqueous solution, a
dielectric constant of 78.3 (with distance dependence), which represents the bulk value of
water, was used in this study. This is however also quite meaningless and should only be

seen as an arbitrary value used to scale the electrostatic potentials. Increasing the
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dielectric constant has the effect of reducing the numerical value of the electrostatic
interactions. Whilst this approach is not very satisfactory many workers have neglected

electronic effects altogether, especially in work involving metal ions [119].

Unfortunately ab initio calculations of the partial charges could not be carried out
due to non-availability of the computer programs and hardware. Thus all formal charges

were ignored in the molecular mechanics calculations, which seems reasonable at least for

the uncharged 11-2 complexes.

4.3.1 CHOICE OF PROGRAM

Initially an old version of the force-field program attributed to Boyd [126, 127] was
used for molecular modelling. This program had been specifically written for calculations
involving metal coordination. However the pfogram was found to be lacking in its
parametrization and more seriously in the functions employed. This was true especially
for the organic part of the modelling study, a conclusion that Drew et al had also arrived at

in their studies [135].

Molecular modelling was also carried out using the well-known program
MMP2(85) [141]. In order to use this for calculations involving metal ion coordination of
at least the square planar type, the coding of various subroutines had to be rewritten. The
amended program was thus used with relative success incorporating constants for
copper(Il) interactions from Drew et al [119] (see later). Even though MM2 has been
extensively used for all types of organic compounds, several parameters for purely organic

interaction were still found to be missing and had to be included.
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Unfortunately, MM2 was not always successful in minimizing the energy of some

of the complexes investigated and therefore the more advanced program MacroModel was

finally used. This program incorporates a number of additional convenient features which

make it very attractive to use.

Firstly, it includes several force-fields together with their potential constants
allowing the user a choice appropriate to the type of problem that is to be solved, i.e. the
particular classes of compounds that are to be modelled. One of these is the MM2 force-
field together with an updated set of potential constants taken from MM2(87). This allows
for direct comparison of the results from MM2 and easy transfer of the constants that had
already been parametrized in the initial stages of this study. Secondly, the program has an
interactive stage allowing for a convenient on-screen structure minimization and
visualization. Thirdly, MacroModel incorporates a Monte Carlo Multiple conformer
energy Minimization technique [125, 142] which is well suited to find local minima and
thereby hopefully also the global minima. This is especially useful for modelling of very
flexible ligand species. Lastly, the program also includes a number of different
mathematical solving routines which allowed the successful minimization of even some

difficult structures which MM2 had been unable to refine.

4.3.2 FORCE-FIELD PARAMETRIZATION

In the case of organic molecules, force constants and ideal or strain-free
dimensions have become quite well established over the past few decades. These have
been obtained mainly by empirical methods, the parameters having been refined so that a
number of experimental variables, i.e. structural and energetic, of as many molecules as

possible are correctly modelled. Although this was generally done by trial and error
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methods, linear least-squares procedures for the systematic optimization of potential

constants have also been employed [129, 143].

In the past starting values for the constants were obtained from several sources, e.g.
vibrational spectra (stretching and some bending constants), microwave, far-infrared and
NMR spectra (torsional barriers) and thermodynamic measurements (torsional barriers, as
well as non-bonded interactions) [111, 125]. Natural bond lengths and angles were
obtained from structural data of strain-free compounds by microwave, electron diffraction |

or crystallographic techniques.

The parametrization of force-fields is therefore an ongoing process involving
continual refinement of the constants which has so far taken many years. None the less
several parameters of purely organic interactions, especially torsional constants, were
surprisingly absent from the force field of the MMP2(85) program. However, virtually all
of these constants were found to be present in the updated MM2(87) force-field obtained
with the program MacroModel. Using mainly data from the Cambridge Structural
Database [144], time was spent parametrizing these missing interactions. However, in
order to maintain as consistent a force-field as possible these parameters were not
transferred to the updated MacroModel force-field, except for the C(=0)-C(=0) stretching
and the C-C(=0)~N bending interactions which will be discussed later. Underlining the
ongoing nature of force-field development, many publications on the parametrization of
the amine and amide functional groups have only recently appeared in the literature [145,
146, 147, 148, 149, 150] and thus the constants supplied with MacroModel were
frequently compared to these. Several other inconsistencies became apparent in the course
of this study especially during the process of model validation. These will be discussed at

a latter stage.
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Obtaining parameters for interactions involving metal ions, especially copper(Il), is
considerably more difficult. Much less work has been performed on coordination
compounds and most of this work has. been on cobalt(IIl) and nickel(IT) [118].
Furthermore most metal complexes can hardly be expected to yield any strain-free values
as is the case for small organic molecules. T.hus various parameters involving metal ion
inter:;ctions have not been very well refined or are simply not available. The parameters
used in this study for interactions involving the copper(II) metal ion were mainly obtained
from three sources, i.e. Drew et al [119, 120], Brubaker and Johnson [118] and Hancock et
al [113, 151}, or alternately, were approximated by analogy with constants for similar
interactions. Thus values of 0.89 mdyn A-! for the stretching force constant and 2.00 A
for the natural bond lengths were used for both of the interactions Cu-N and Cu-O. These
were taken from Brubaker and Johnson [118], having also been used by Drew et al [119].
Copper(Il) is usually assigned a small value for the force constant so that its coordination
sphere can be easily distorted. In this way an attempt is made to allow for the Jahn-Teller

effect of copper(Il).

The angle deformation constant for the N-Cu-N bending interaction is 0.30 mdyn
A rad2, according to Drew et al [119], with natural bond angles of 90 and 180° as
appropriate. Thus an ideal square planar geometry about the metal atom is assumed for

most of the complexes as a first approximation.

In order to include both of the N-Cu-N bending interactions, i.e. with natural
angles of either 90 or 180°, which occur simultaneously in many of the complexes
modelled, use was made of the special substructure input feature of MacroModel [125]
(see Appendix  B). This bending interaction had presented severe problems in the
preliminary modelling using MM2, eventually requiring additional coding, as this program
cannot distinguish between the actual strain-free value to use for this bending interaction.

The inclusion as a substructure in MacroModel is also not completely straight forward as
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atom numbering is not unique for square-planar coordination and therefore the specific
input order required can only be determined by the method of trial-and-error and had to be

frequently changed to suit different input schemes.

The constants and strain-free angles used for all other bending interactions
involving copper(Il), i.e. X-N-Cu, were derived from analogous X-N-H or X-N-C
interactions. The final values used will be discussed in a later section, as will the constants

for the C-O-Cu interaction.

The non-bonded interaction parameters for copper(Il) were obtained from Drew et
al [119] and have values of 0.165 kcal mol"! and 2.35 A for §g, and the van der Waals
radius, respectively. In line with current trends torsional interactions about coordinate
bonds were assumed to be negligible, i.e. the torsional force constants for all X-Cu-X-X
interactions were set equal to zero [120]. All other torsional parameters involving
copper(Il), i.e. of the type X-X-X-Cu, where estimated from the analogous X-X-X-C or

other more general interactions.

The final force constants used throughout this study, which together with the
potential functions 4.1 to 4.8 make up the force-field, are given in Appendix B. The bond
and atom symbols used to describe the various interactions are defined at the beginning of
the appendix. This force-field is however not intended to be definitive by any means, as
much more work is required in order to obtain accurate parameters for the terms involving

the metal ion.
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4.3.3 MODEL VALIDATION

In the following discussion atom numbering in italics refers to specific interactions
of the structures in the relevant figures, whereas standard print refers to general interaction

types as in the molecular mechanics force-field.

4.3.3.1 Structural comparisons

The molecular model was essentially validated by comparison of structural features
such as bond lengths and angles of severél energy minimized structures with those
obtained from X-ray crystallographic data. Obviously a comparison with crystal structures
that are very similar to the complexes being investigated is desirable and therefore the
crystal determinations that were considered from the literature included the following: 1.
the copper(Il) complex with the ligand Stet involving tetradentate binding [152], 2. the 11-
2 complex of the ligand 6UH with nickel(II) [106], 3. the 656UH ligand involved in 11-2
binding to copper(II) [109], 4. the copper(Il)-SUM complex with 21-2 coordination [107],
5. the 21-2 complex of copper(Il) with the ligand 656UH [104]. In each case any
additional ligands occupying coordination sites not filled by the ligands of interest, as well
as counter-ions and possible crystal lattice effects, were ignored and therefore not
modelled. This could be a rather severe simplification in some instances, especially in the
case of the 11-2 structure of 656UH with copper(Il), which also involved the ligand

bipyridine, together with a second copper(Il) ion.

The reasons for comparing the energy minimized structures with those determined
by X-ray crystallography were mainly to decide on the set of bending parameters to be
used for the X-X-Cu interactions (see before), as well as to ascertain the goodness of fit

resulting from the Cu-X and X-Cu-X parameters used and furthermore to check on any
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inconsistencies which might indicate possible errors in the force-field or require the use of

more refined parameters.

The crystal structures were obtained from a QUEST search of the Cambridge
Structural Database (CSD) as were the corresponding crystal coordinates. An exception
was the structure determined by Desseyn et al [104] which had not as yet been deposited in
the database. The CSD coordinates were transformed to MacroModel format by a
FORTRAN program written specifically for this purpose and used as input to the
molecular mechanics calculations. In this way the structural coordinates from before, i.e.
as in the crystal, and after energy minimization could be easily compared and the goodness
of fit determined by the method of least squares of residuals of the predicted minus the
actual values. This was followed by Monte Carlo Multiple conformer energy
Minimization (MCMM) [142] in order to determine whether the crystal structures were in
fact representative of the minimum energy conformations. As expected this was generally
not the case and is probably due to the presence of the additional ligands which were not

considered in the molecular mechanics approach in this study.

Whilst modelling the copper(Il)-Stet complex obtained from the structure
determined by Marongiu et al [152] (actual crystal: thiocyanato triethylenetetramine
copper(Il) thiocyanate, i.e. [Cu(trien)SCN][NCS] ) it became apparent that the attached
atoms, namely H1, connected to the central atom in the three C3-N5-C3 bending
interactions were incorrect (see Appendix B for atom symbols used). These were therefore
replaced by the correct atom type, i.e. H4. Of greater concern however was the
observation that the strain-free angles of the C3-C3-NS5 interactions had the rather small
values of about 103°. As it was intuitively felt that these values should be somewhat
larger, a fact which is also borne out by Terui [153], attempts were made to trace the
origins of these parameters. This however proved unsuccessful. Thus a search of acyclic

strain-free molecules occurring in the CSD containing this fragment was undertaken. This
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resulted in 60 ‘hits' with an average angle of about 113° as‘ determined by the program
GSTAT. Nonetheless, the fact that there are three separate entries with different strain-
free values for these interactions in the MM2 force-field of MacroModel, suggests that
these parameters have been well researched and therefore a more conservative value of
109° was eventually used, although the CSD average was also tried. This markedly
improved the correspondence between the actual and energy minimized structures,
especially with respect to several of the torsion angles. The best fit was thus obtained
using the 'soft' constants for X-NS-@ analogous to the X-N5-H interactions and a strain-

free value of 109° for the C3-C3-NS5 interaction.

As can be seen from Table 4.1, which gives the values of selected interactions of
the energy minimized and crystal structures, as well as the cormresponding strain-free
parameters used, the fit is quite acceptable especially since Burkert and Allinger have
claimed that parametrization of the amine functional group is extremely difficult [139].
Comparisons of bond lengths are not presented in the table as the agreement was generally

very good.

The structure corresponding to that of the crystal is given in Figure 4.1. It has both
of the central amine hydrogens HI and H2, situated on the same side above the plane, and
the carbon atoms C2 and CS5 situated below the plane of the four nitrogen atoms. This
seemed a bit strange as this conformer corresponds to the energetically less stable A5
diastereomer [94]. On carrying out a global minimum energy search it was found that this
structure is indeed only the second most stable, with an energy of about 10 kJ mol~1 above
that of the structure which has the central amine hydrogens on opposite sides of the plane,
i.e. the AOA diastereomer. This could be explained by the presence of the additional NCS™

ligand, which occupies the 5th coordination site. Although rather interesting, this was

however not investigated further. The very similar structure of the
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Table 4.1 : Comparison of selected bond and torsional angles of the crystal structure with those
predicted by the energy minimization calculations, together with the strain-free parameters of the
'soft' force-field used for the corresponding interactions. The atom numbering relates to Figure 4.1.

Bond angle crystal  minimized " strain-free Torsion angle  crystal  minimized
N1-Cu-N4 98.8 973 90.0 C2-C1-N1-Cu 41.5 40.0
N1-Cu-N2 84.6 ‘87.3 90.0 C3-C4-N3-Cu -22.3 -18.8
N2-Cu-N3 84.3 87.0 90.0 C1-C2-N2-Cu 40.5 4.1
N3-Cu-N4 84.8 873 90.0 C4-C3-N2-Cu -50.4 -51.1
Cu-N1-C1 107.8 106.5 109.5 N1-C1-C2-N2 -54.9 -56.2
N1-C1-C2 106.8 106.9 109.3 N2-C3-C4-N3 48.7 -46.8
C1-C2-N2 109.2 105.8 109.3 N3-C5-C6-N4 54.9 56.1
Cu-N2-C2 107.1 107.0 109.5 C1-C2-N2-C3 1554 160.3
Cu-N2-C3 104.1 104.0 109.5 C4-C3-N2-C2 -167.0 -168.9
C2-N2-C3 1144 117.0 111.2 C6-C5-N3-C4 -172.2 -172.8
N2-C3-C4 1084 106.4 109.3 C6-~C5-N3-Cu -48.2 ,-53.3
C3-C4-N3 108.8 110.0 109.3 C5-C6-N4-Cu -339 -29.4
Cu-N3-C4 110.8 108.4 109.5 C3-C4-N3-C5 98.8 97.8
Cu-N3-C5 105.3 102.8 109.5
C4-N3-C5 117.7 118.5 111.2
N3-C5-Cé6 107.0 104.9 109.3
C5-C6-N4 107.0 108.3 109.3
C6-N4-Cu 1099 107.2 109.5
H C4 Wz
c3
NZ N3
c2 cs

c1
cé

N1 N4

Figure 4.1 : Energy minimized A3 conformer of Stet with copper(Il), analogous to that of the
crystal structure. For clarity all hydrogen atoms except those bound to the two central nitrogens
have been omitted. :

dimethyl derivative of Stet, in the form of the diperchlorate monohydrate copper(Il)

complex, has also been determined but was not modelled in this study [154].
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An attempt was made to model the 11-2 complex of the nickel(II)-656UH system
obtained from the crystal structure determined by Lewis et al [106] (actual crystal: N,N'-
_bis (2-aminoethyl)propanediamidato nickel(Il) trihydrate, i.e. Ni(6UH)-3HO ). The
stretching (kg = 2.0 mdyn A1and I° = 1.86 A) and van der Waals parameters (Cnj = 0.165
kcal mol™! and radius = 2.35 A) for interactions involving the metal ion nickel(II) were

taken from Drew et al [119], all other constants being the same as those for copper(II).

On minimizing the energy it was immediately apparent that large discrepancies
exist between the energy minimized conformation and crystal structure. Although a not
very thorough investigation was carried out on our part, we nevertheless feel that some
peculiarities are associated with the crystal structure. This conviction stems from the fact
that in the crystal structure the central 6-membered ring is virtually planar, as can be seen
in Figure 4.2, which is highly strained and energetically very unfavourable. This is even
evident from a Dreiden model of the crystal conformation. Furthermore the crystal does
not incorporate any other ligands which could have caused this large deviation from the
energy minimized structure. There are three water molecules involved in intermolecular
hydrogen bonding, but we feel that the associated energy stabilization is not nearly
sufficient to bring about this strained conformation. A re-evaluation of the crystal
structure might therefore be in order, especially as the authors discuss only the position of
the nickel(Il) ion in the plane of the four nitrogen atoms but do not comment on the

planarity of the central 6-membered ring.

Thus we could unfortunately not use this crystal structure for evaluation of
calculated structural coordinates. It would have been ideal as it is quite closely related to
those structures investigated in this study apart from the presence of the nickel(Il) ion. As
this was the only structural determination of the 5,6,5 ring configuration found in the

literature, an attempt was made to solve the structure of 6UM with copper(Il), a crystal of
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Figure 4.2 : Perpendicular and side view of the crystal structure N,N'-bis (2-
aminoethyl)propanediamidato nickel(Il) trihydrate showing the flat central 6-membered ring. For
clarity all hydrogen atoms and water molecules of hydration have been omitted.

which was available in the department. The details of the structure determination by X-ray
crystallography are presented in Appendix C. Unfortunately the structure does not show
any metal jon complexation by the ligand of interest and could therefore also not be used
in the validation process. It is simply an ionic crystal consisting of a diprotonated
derivative of the ligand acting as the cation with hexa-p-chloro-p 4-oxo-
tetra[chlorocuprate(ll)] as the anion. The polynuclear cluster is however of some interest

as it involves tetrahedral coordination of the central oxygen'atom in the anion.

An attempt was made to model the structure of the 11-2 complex of 656UH with
copper(Il) as determined by Journaux et al [109] (actual crystal: uN,N'-bis (3-
aminopropyl) ethanediamidato  2,2"-bipyridyl copper(Il) dichlorate, i.e.
[Cu(656UH)Cu(bipy)] (ClOy), ). The essentially symmetrical crystal structure however
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shows large differences in bond lengths, i.e. 1.516 compared to 1.313 A, for the same C3-
C3 interactions, which are just in opposite chelate rings (see Figure 4.3). The authors in
fact comment on the problem of the unresolved disorder and concomitant low accuracy of
the structural parameters in this part of the crystal. Furthermore the actual crystal is much
more complicated than the fragment which is of interest in this study making it unsuitable
for purposes of model validation. Therefore this crystal determination was also not used

for the evaluation of calculated structural parameters.

Figure 4.3 : The 11-2 fragment of copper(Il) with the ligand 656UH of the crystal structure
according to Journaux ef al. Bond lengths are given in Angstrom For clarity all hydrogen atoms
have been omitted.

The model was next validated against the 21-2 complex of copper(Il) with SUM,
the structure of which was determined by Yoshino and Nowacki [107] (actual crystal:
uN,N'-bis [2-(dimethylamino)ethyl] ethanediamidato diisothiocyanato bis
dimethylformamide copper(1l), i.e. Cuy(SUM)(NCS),*(DMF), ). Similarly to the problem
with the C3-N5-C3 interactions, it was found that the atoms attached to the central atom
of the three bending interactions C3-C3-N2 were in fact missing from the MM2 force-

field supplied with MacroModel and the correct H1 atom types thus had to be added.
Although the minimum energies were somewhat different using the 'hard' or 'soft'

force-fields (see the results section) there appeared to be little difference between the

goodness of fit of the crystal and either of the two energy minimized structures. Table 4.2
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gives structural values of selected stretching, bending and torsional interactions, as well as
the corresponding strain-free parameters of the 'soft' force-field used in these calculations.
As can be seen from the table the agreement between the energy minimized and crystal
structures, is once again quite good. This is particularly borne out by the good
correspondence of the torsional angles which should show the largest deviations having the

smallest force constants.

Initially the largest discrepancy in bond length (not shown in the table) was
observed for the bond between the two carbonyl carbons, i.e. the C2(02)-C2(02)
interaction. The MM2 force-field of MacroModel has several entries for this interaction
with strain-free lengths ranging from 1.334 to 1.477 A all indicating a significant amount
of double bond character and quite different from the value in the crystal. Thus a search
was carried out on 'strain-free' diketone and diamide fragments contained in the CSD. This
resulted in 37 'hits' with a mean value of 1.517 A (2.022) as determined by the program
GSTAT. Therefore the strain-free bond length of this interaction was adjusted to a value
of 1.520 A and used for all subsequent calculations resulting in a fairly good correlation.
As can be seen from the table the largest remaining discrepancy between the crystal and
energy minimized structures is in the C1 to NI bond distance, the former being .084 A
shorter. The strain-free length of 1.343 A used in this study is already somewhat shorter
than the MacroModel value of 1.385 A and was obtained on applying a dielectric constant
reduction as per MM2. Furthermore, as the GSTAT calculation on uncomplexed strain-
free fragments in the CSD gave a mean bond length of 1.330 A and for complexed species
a value of 1.314 A, the reduced strain-free value therefore seems justified. The crystal
structure according to Yoshino and Nowacki has in fact the shortest C2(02)-N2 bond
length of all CSD complexes found, therefore no further adjustments were made with

respect to this interaction. Similarly, the elongated

126



Table 4.2 : Comparison of selected bond lengths, angles and torsional interactions of the crystal
structure with those predicted by the energy minimizations, together with the respective 'soft'
strain-free parameters used in the calculations. Atom numbering relates to Figure 4.4, below.

Bond Length crystal Ep;, strain-free Bond angle crystal  E; strain-free
Cul-N1 1.909 1.948 2.000 N1-Cul-N2 824 82.2 90.0
Cul-N2 2.093 2.036 2.000 01-Cul-N1 83.1 85.4 90.0
Cul-01 2.015 2.015 2.000 O1-Cul-N2  164.0 167.6 '180.0

C1-N1 1.259 1.343 1.343* N1-C1-C6 1125 109.9 114.0°
C1-Cé6 1.544 1.532 1.520* N1-C1-02 1304 126.5 124.3
Cc2-C3 1.514 1.541 1.523 N1-C2-C3 106.2 103.9 109.3
C2-N1 1.482 1.442 1.437 N2-C3-C2 1109 1109 109.3*
C3-N2 1.484 1.504 - 1.480 C1-N1-Cul 117.0 113.7 119.0
C4-N2 1.465 1.495 1.480 C2-N1-Cul 1184 119.7 124.0
C5-N2 -1.466 1.494 1.480 C1-N1-C2 124.6 126.5 119.9
C6-01 1.271 1.249 1.244* Cul-N2-C3 104.5 105.7 109.5
C6-01-Cul 110.3 107.4 109.5

Torsion angle crystal minimized . 01-C6-C1 117.1 123.6 123.0

C6-C1-N1-Cul -0.2 0.6 Cul-N2-C4 1089 108.4 109.5

02-C1-N1-Cul  -178.9 -179.5 C4-N2-C3 112.2 111.3 107.7

C3-C2-N1-Cul -15.3 -19.8 Cul-N2-Cs 1123 1104 1095

C2-C3-N2-Cul -44.8 -44.3 C5-N2-C3 108.3 1104 107.7

C1-C6-01-Cul -1.3 -0.4 C5-N2-C4 110.5 1100 107.7

C2-C3-N2-C4 73.0 73.2

C2-C3-N2-C5 -164.7 -164.0

C6-C1-N1-C2 -180.0 -178.3

02-C1-N1-C2 1.3 1.6 * Adjusted strain-free values, see text

N1-C1-C6-01 11 -0.1

N1-C2-C3-N2 40.0 414

01-C6-C1-02 -180.0 -180.0

Figure 4.4 : Energy minimized conformer of the 21-2 complex of the copper(Il)-SUM system,
analogous to that of the crystal structure. For clarity all hydrogen atoms have been omitted.
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C2=02 strain-free bond length of 1.244 A, according to MM2, was used throughout this

study in preference to the MacroModel value of 1.218 A. This resulted in a better fit.

In the case of the bond angles a large difference was initially observed for the
C2(02)-C2(02)-N2 interactions, i.e. angle NI-CI1-C6 in Figure 4.4, as the MM2 force-
field supplied with MacroModel has a strain-free value of 120° for this bond angle.
Carrying out GSTAT calculations on 21 'strain-free' fragments obtained from a search of
the CSD, indicated instead a mean value of 114° which was thus used throughout. Even
calculations on complexed fragments contained in the CSD gave a very similar value to

this, with however, a much larger standard deviation.

Initially values of 0.3 mdyn A rad2 and 120° were used respectively for the
bending constant and strain-free angle of the C-O-Cu interactions according to Boeyens et
al [155]. However finally, values of 0.3 mdyn A rad2 and 109° were used, based on the
parameters of Brubaker and Johnson [118] for the Cu-O-H bending interaction. This

resulted in a more reasonable fit.

As can be seen from Table 4.2, the largest discrepancy of the bending interactions
is for the bond angle OI1-C6-C1 for which the strain-free value is 123°. Even though
GSTAT calculations on complexed structures gave a mean value of 117° for this
interaction, the strain-free value was not adjusted as a search of uncomplexed fragments
contained in the CSD resulted in 37 'hits' with a mean value of 122°. A further refinement
should possibly be introduced into the force-field for the case in which this angle forms

part of a chelate ring.
Lastly, as can be seen from the angle N2-C3-C2 in Table 4.2, the strain-free value

of 109.3° used for the C3-C3-NS interactions (discussed previously), models the crystal

structure very well, i.e. neither 103 nor 113° seems to be correct.
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Finally the model was checked against the structure of the 21-2 complex of
copper(IT) with 656UH determined by Desseyn et al [104] (actual crystal: uN,N'-bis (2-
aminopropyl)ethanediamidato  dinitrato  copper(Il), i.e. = Cuy(656UH)(NO3), ).
Unfortunately the crystal coordinates were not yet available from the CSD and therefore
the input structure was 'built up' using the interactive mode of MacroModel. The energy of
this was minimized by the MCMM technique resulting in several minimum energy
structures of which the second most stable, lying energetically only slightly above the
global minimum, was analogous with the crystal structure reported by Desseyn ef al. The
fit between the experimentally determined and energy-minimized structural features was
again relatively good, although in this case using the strain-free angle of 113° for the C3~-
C3-NS5 interactions resulted in a better agreement especially with respect to sbme of the

torsional angles.

4.3.3.2 Energetic Comparisons

In order to validate the molecular mechanical approach employed in this study, i.e.
of using the calculated increase in strain energy on complexation as a measure of complex
stability, the homologous series of tetramine ligands namely Stet, 6tet and 656tet, was
modelled with copper(Il) as the metal ion. Several reasons exist for choosing this

homologous series for the purposes of validating the specific approach used in this study.

Firstly, these ligands make up the series against. which the analogous diamino
diamides were initially compared with respect to the order of stability of their copper(II)
complexes. Secondly, the stated reason for the increased stability of 6tet with copper(II)
was relief of ring strain [38], which lends itself very well to the investigation by the
molecular mechanics technique. Thirdly, the ring sizes of corresponding complexes of the

two series are the same and at least one of the functional groups, namely the amine group,
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which has been one of the most difficult to parametrize [139], is common to both series of
ligands. Lastly, if the force-field calculations could successfully model the reversed order
of stability observed for the copper(II) complexes of the two series of ligands, this.would
lend additional credence to the use of the intended force-field approach. Furthermore, as
has already been discussed, a crystal structure of one of the tetramine ligands with
copper(Il) is available in the literature and could be used for comparison of structural

parameters.

Thus the interactive mode of MacroModel was used to create input coordinates of
the three tetramine ligands. Using these literally thousands of starting geometries were
then randomly generated and energy minimized by the MCMM method, in order to obtain
the global minima in each case. As the free ligands are rather flexible, many different
conformers of similar energy were acquired. Therefore in order to obtain a better estimate
of the energies of these systems as a whole, Boltzman distribution calculations were
carried out as described in section 4.2. In each case a sufficient number of conformers
were used such that the one of highest energy contributed just less than 1 percent to the

weighted mean total energy.

Similarly, input coordinates of the copper(Il) complexes of the three tetramine
ligands were generated, the minimum energy conformers obtained using the MCMM
technique of MacroModel and the Boltzman mean energies of the systems calculated. As
had previously been observed to some extent during the calculations involving the
copper(I)-Stet crystal structure, the copper(I)-656tet complex remained completely
'trapped’ in the higher energy conformations, i.e. with the central amine hydrogens located
on the same side of the plane of the four nitrogen atoms similar to Figure 4.1. This was
even after several thousand starting geometries had been generated and minimized by the
MCMM technique. Therefore the input coordinates were manually adjusted to give the

lower energy conformers with the hydrogens on opposite sides of the plane. This
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illustrates the care that needs to be taken in order to obtain global minima even with such

'‘powerful’ programs such as MacroModel.

The calculated strain energies of the ligands and complexes, together with the
energy changes on complexation, AU, as well as A(AU), from which the differences in
stability constants were determined using equation 4.10, are given in Table 4.3. Also
given in the table, for the purposes of comparison, are potentiometric data taken from the
literature. As can be seen from Table 4.3, a surprisingly large variation in the Boltzman
mean energies was observed for the free ligand species. It was found that one interaction
alone, namely the N3-C3-C3-N3 torsion angle, was virtually entirely responsible for these
large energy differences. This interaction has V1, V2 and V3 terms of -0.4, -1.1 and 1.2
kcal mol™1 respectively, which results in a very large energy minimum of roughly -4.7 kJ
mol-1 per interaction, at a torsion angle of 60°. Since there are a different number of these
interactions in each ligand, decreasing along the series in the order Stet > 6tet > 656tet, this
causes the unexpected differences in energy. This might therefore be a rather
unsatisfactory situation, especially as these interactions do not appear in the complexes,
allowing for no cancellation of a possibly bad parameter. This could be a reason for the
poor correlation of observed differences in the stability constants and the differences

calculated using A(AU) of (C1 - F1).

The N3-C3-C3-N3 interaction seems to be quite well researched however, having
also been parametrized by other workers [145, 149] resulting in very similar constants to
those supplied with MacroModel. However in related calculations on coordination
compounds using the molecular mechanics program according to Boyd, a more general
00-C3-C3-00 interaction with V1, V2 and V3 of 0.0, 0.0 and 0.35 kcal mol~1 respectively,
has been used [113]. This also has an energy minimum at 60° but with a much smaller
negative value than before. Using this in the calculations, i.e. the 'general' force-field,

resulted in the free ligands having a much more similar energy (see Table 4.3).

131



Table 4.3 : Strain energies, in kJ mol~l, determined by a Boltzman distribution of the minimum
energy conformers of the free and complexed tetramine species in solution. These were calculated
using the program MacroModel with different MM2 force-fields (see text). AU is the energy
change on complexation and A(AU) is the difference in the energy change on going from one
ligand to another. The differences in log ;o Were calculated from A(AU) using equation 4.10.
Stability constants were taken from the literature.

Species
Force-field Stet  Cu(II)-5tet 6tet  Cu(Il)-6tet 656tet  Cu(II)-656tet
(F1) Specific 16.4 - 238 - 320 -
(F2) General 30.1 - 322 - 36.2 -
(C1) Soft 109° - 49.9 - 340 - 41.1
(C2) Hard 109° - 579 - 389 - 38.4
(C3) Soft 103° - 464 - 38.2 - 52.1
AU(C1-F1) 335 10.2 9.1
AU (C1 - F2) 19.8 18 4.9
AU (C2 - F2) 27.8 6.7 22
AU (C3-F1) 15.6 58 20.2
log 110 201 23.2 21.7
Stet — 6tet

F-F Combination Ci-F1 Cl1-F2 C2-F2 G3-F1

- A(AU) _ 233 18.0 21.1 15.6
calc A log 110 4.1 32 3.7 2.7
actual A lOg ﬂl loa 3.1

Stet — 656tet ‘

F-F Combination Ci1-F1 Cl-F2 C2-F2 C3-F1

- A(AU) 244 149 25.6 9.8
calc A log ﬂl 10 4.3 26 45 1.7
actual A log 102 1.6

656tet — Gtet

F-F Combination Ci1-F1 Ci1-F2 C2-F2 C3-F1

- A(AU) -1.1 31 -4.5 58
calc A log 110 -0.2 0.6 0.8 1.0

actual A log £10? : 1.5

2 Data from reference [39]

Furthermore, the fit between calculated A log ;10 and those determined from

potentiometric data was greatly improved as can be seen from the results for the (C1 - F2)
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combination obtained using the 'soft' force-field with a strain-free angle of 109° for the
C3-C3-N5 interactions (Table 4.3). This predicts the copper(Il)-6tet and copper(II)-656tet
complexes to be respectively 3.2 and 2.6 log units more stable than the copper(Il)-5tet

| ~complex, which compares well with the actual differences of 3.1 and 1.6 log units.

Considering the entropy changes of complex formation, which have so far been
ignored but are in fact not identical, even better agreement between observed and
calculated differences in stability constants is obtained. The AS of copper(Il)-5tet
formation is about 4 cal mol"l K1 larger than the entropy changes of the other two
complexes [39]. This has the effect of reducing the calculated differences in the
logarithms of the stability constants to 2.4 and 1.8 respectively. These results therefore
support the hypothesis of Weaton et al that the increased stability of 6tet with copper(II) is

due to relief of ring strain.

Lastly, the copper(II)-6tet complex is predicted to be 0.6 log units more stable than
copper(Il)-656tet, which compares quite well with the actual difference in stability
constants of 1.5 log units. The calculated value is unaffected by any AS contributions

since the entropy changes are identical for these two complexes.

As can also be seen from the table for the combination (C2 - F2), using the 'hard'
force-field, with parameters for the Cu-X-X bending interactions analogous to those of the
C3-X-X interactions, results in the worst correspondence. In this case the calculated
energy differences in fact predict the cqpper(II)-656tet complex to be the most stable by

0.8 log units which is clearly not correct.

For interests sake the results using the 'soft' force-field with a strain-free angle of

103° for the C3-C3-NS5 interaction have also been presented in Table 4.3. This resulted in
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quite good agreement of predicted versus actual differences in the stability constants, but
gave the poorest correspondence of structural features and was therefore not considered.
Overall, the best agreement was thus obtained with the 'soft' force-field
incorporating a strain-free angle of 109° for the C3-C3-N5 bending interaction. This is
therefore the force-field of choice for the modelling of the diamino diamide complexes
investigated in this study. The problem regarding the use of the 'specific' as opposed to the
'general’ force-field in the modelling of the free tetramine ligands does not arise as the N3-

C3-C3-N3 torsional interaction is not present in the diamino diamide ligands.
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4.4 RESULTS AND DISCUSSION

As is evident from the previous sections, molecular modelling and, in particular,
the molecular mechanics method employed, can be used quite successfully to calculate the
structure and stability of metal complexes. Therefore an identical approach could'now be
applied to the various diamino diamide copper(Il) systems to try and explain the

anomalous order of stability which had been observed potentiometrically.

Thus the input coordinates of the three diamino diamide ligands and of the various
copper(Il) complexes, as determined in the spectrophotometric study, were generated using
the interactive mode of MacroModel. Minimum energy conformers were then obtained by
the MCMM method of MacroModel as before, using the 'soft' force field with a strain-free
angle of 109° for the C3-C3-N5 bending interactions. Since in most cases sevefal
different conformers with similar strain energy were obtained, the Boltzman mean energies
were again calculated. These results, together with the energy changes on complex

formation, AU, are presented in Table 4.4.

Table 4.4 : Boltzman mean energies, U, in kJ mol! of the free diamino diamide ligands and their
various copper(II) complexes, calculated using the program MacroModel with the 'soft’ MM2
force-field. The changes in strain energy on complexation, AU, are given in parenthesis.

Species
Free Ligand 110 11-1 11-2 21-2
5UM 73.0 748(18)  716(14) 89.1(161) 769 (3.9)
6UM 55.6 868(312) 772(216) 109.8 (54.2) -
656UM 72.7 81.7(90)  77.8(5.1)  154.8(82.1) 86.4(13.7)
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In order to discuss the origins of some of the values listed in Table 4.4, separate or
individual energy terms contributing to the total energy of, for example, the most stable

conformers of each system are given in Table 4.5.

Table 4.5 : Separate energy terms in kJ mol~! contributing to the total energies of the most stable
conformers of the free ligands and their copper(Il) complexes. (Molecular mechanics calculations
were carried out using the force field in Appendix B.)

Species Stretch Bend Str-Bend v.d.Waals Torsion  Electro. Total

5UM 5.4 16.7 21 42.7 - 46 .00 7.0
. 6UM 55 170 20 31.8 -1.7 -1.4 531
656UM 6.0 193 24 34.6 6.8 0.2 69.0
5UM110 6.2 27.2 20 30.9 7.7 -0.4 73.4
6UM110 54 25.1 13 38.8 155 -1.7 84.7
656UM110 55 23.7 20 38.5 105 -0.3 79.8
5UM11-1 59 26.5 21 279 79 0.0 70.2
6UM11-1 54 23.3 14 31.8 13.6 -1.3 745
656UM11-1 55 24.7 21 329 105 0.1 75.8
5UM11-2 10.1 48.3 1.9 16.9 11.2 0.2 88.6
6UM11-2 12.2 40.2 0s 33.2 21.5 -1.1 107.1
656UM11-2 14.2 55.3 20 525 285 0.1 153.6
5UM21-2 6.7 385 1.7 20.0 10.9 -0.9 76.9
656UM21-2 51 28.7 15 40.0 12.2 -0.9 86.4

A peculiar result, apparent in Table 4.4, is that the 11-1 copper(Il) complex of
5UM has a lower strain energy than the free ligand itself, which has the effect of causing a
decrease in the strain energy on complex formation ( AU = -1.4 kJ mol™1). This could be
explained by the introduction of a favourable metal jon interaction whose potential
function has a negative energy minimum. A more likely explanation is the loss of

interactions involving the amide protons and the amine lone electron pairs on
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complexation. These contribute significantly to the van der Waals energy, especially in
the case of the short ligand SUM (Table 4.5). The force-field parameters of these

interactions should possibly be further investigated.

As is indicated in Table 4.4, very large changes in strain energy on complexation of
52.2 and 82.1 kJ mol"! are observed for the 11-2 species of 6UM and 656UM respectively,
compared to only 16.1 kJ mol™1 for the SUM complex. In the case of the 6UM system this
isduetoa combination of a low energy free ligand together with a relatively high energy
11-2 complex, whereas for the 656UM system the large AU results from the complex

having a very high energy.

The SUM complex shows virtually no distortion of the nitrogen atoms from square
planarity about the copper(Il) ion. The central 5-membered ring, containing four sp2
centers, is completely planar and the outer rings are able to take on the low energy

puckered configurations represented by the A\ enantiomer in Figure 4.5.

In the case of the 6UM complex the nitrogen atoms are not completely planar.
Furthermore, as can be seen from Figure 4.6(b & c), the central 6-membered ring is in a
distorted boat conformation. This has the consequence that both methylene carbons C2
and C8, are on the same side, below the plane of the nitrogens. Therefore only one of the
outer 5-membered rings is in a stable puckered A configuration, whereas the other is
severely distorted with both methylene carbons C2 and C3, below the plane of the

nitrogens as can be seen from Figure 4.6(a & ¢).

Figure 4.7(a) clearly indicates that the planarity of the nitrogen atoms about the
copper(Il) ion is severely distorted in the 656UM11-2 complex. As in the case of the SUM
complex the central 5-membered ring is completely planar. However, both outer 6-

membered rings are severely distorted having neither a chair nor a boat conformation.
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Figure 4.5 : Pluto representations of the lowest energy SUM11-2 conformer, viewed (a) from the
open end, (b) and (c) from the side and the open end at 45° to the plane of the four nitrogens. Only
the A\ diastereomer is shown. For clarity hydrogen atoms have been omitted.
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(c)

Figure 4.6 : Pluto representations of the lowest energy 6UM11-2 conformer, viewed (a) from the
open end, (b) from the side rotated down by 30° from the plane of the four nitrogens and (c)
directly from the side. For clarity hydrogen atoms have been omitted.
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(b)

(©

Figure 4.7 : Pluto representations of the lowest energy 656UM11-2 conformer, viewed (a) from the
open end, (b) from the side rotated down by 25° from the Cu-N1-N2 plane and (c) essentially from
the side to best show the configuration of the outer ring. For clarity hydrogen atoms have been
omitted.
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Therefore compared to the 11-2 complex of S5UM, both the 6UM11-2 and
656UM11-2 complexes show quite severe distortions from ideal 5 and 6-membered ring
configurations.. This is also indicated by the increasing torsional energy terms given in
Table 4.5 and, based on the van der Waals energy contributions, is probably due to the

increased crowding of the terminal methyl groups.

Finally the results from Table 4.4 were used to determine the differences in the
strain energy changes, i.e. A(AU), on formation of equivalent complexes in going from one
ligand to another. These values, together with the differences in the logarithms of the
stability constants calculéted using equation 4.10, are presented in Table 4.6. Also given
in the table are the actual differences in stability constants obtained from the

potentiometric stﬁdy.

Table 4.6 : Differences in the strain energy changes on complex formation, A(AU), going from one
ligand to another, in kJ mol'l. The differences in log ﬂpqr are calculated using equation 4.10,
whereas the actual differences are obtained from the potentiometric results.

pqr
6UM — SUM 110 11-1 11-2 21-2
- A(AU) 294 23.0 38.1 -
calc Alog B, 52 4.0 6.7 -
actual A log fpq, 1.82 2.6 1.92 -
656UM — SUM 110 11-1 11-2 21-2
- A(AU) 7.2 6.5 66.0 9.8
calc Alog S, 13 1.1 11.6 1.7
actual A log Byqr -0.06 1.23 2.74 2.02
6UM — 656UM 110 11-1 11-2 21-2
- A(AU) 222 16.5 279 -
calc A log fpq, 3.9 29 -49 -
actual A log ﬂpqr 1.88 1.37 -0.86 -
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As can be seen from Table 4.6, with the exception of one structure molecular
mechanics predicts the correct order of stability. In the case of the 110 complexes of SUM
and 656UM the molecular mechanics calculations predict the former to be 1.3 log units
more stable than the latter, whereas the potentiometric study in fact shows the SUM
complex to be 0.06 log units less stable. However, in all other instances the order of
stability is correctly predicted by the molecular mechanics calculations, lalthough
sometimes far greater differences in stability afe indicated by the results than is actually

observed experimentally.

In these diamino diamide copper(II) systems the differences in stability constants
can largely be attributed to three main factors, i.e. differences in the strain energy, the
entropy and the metal-ligand bond strength. The molecular mechanics calculations
essentially only model differences in the strain energy which are however expected to play
a major role, as the systems have very different ring configurations. Thus, for the
calculations to give meaningful results the latter two factors need to be negligible or

quantifiable.

In the case of the tetramine complexes, entropy contributions were found to be
negligible and were only introduced as a further refinement of the results. Unfortunately,
the entropy changes for the diamino diamide systems are not known and therefore no
quantitative adjustments can be made. However the ligands are very similar, having the
same functional groups and differing only in chain length. Furthermore the metal ion, i.e.
hydration, and types of coordination are identical. Therefore to a first approximation,

entropy contributions can be ignored as they effectively cancel out.
For the molecular mechanics calculations to successfully model these systems, the

metal-ligand bond strengths in the different complexes must also be sufficiently similar.

Using the protonation constants as an indication of amine basicity and hence as a measure
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~of metal-ligand bond strength, this assumption seemed quite reasonable in the case of the

tetramine ligands (see Table 3.8). The protonation constants of the diamino diamide
ligands lie even closer together and therefore the assumption of similar bond strengths is
even more valid in this case (see Table 3.1). However, the same cannot be said for the
amide protonation constants and hence the meial-amide bond strengths. These protonation
constants cannot be measured as the amide protoﬁs are only displaced on metal ion
complexation. However, they are probably quite similar for the SUM and 656UM ligands,
which have the same central configuration of amide groups, but might be somewhat
different for the 6UM ligand. This is because the amide functional groups are separated by
a methylene group in the latter ligand and therefore do not influence each other to the same
extent. Having either two or three methylene groups attached on the 6utside of the amide

groups is not expected to make much difference to the protonation constants.

Assuming the metal-amide bond strength of the ligand 6UM to be different to that
of the other ligands cannot, however, be used to consistently explain the differences

between observed and calculated differences in stability.

In conclusion therefore, neither entropy nor metal-ligand bond strengths are
expected to contribute significantly to the differences in the observed stability of the
complexes. Since the molecular mechanics calculations model the potentiometric results
quite well in most respects we maintain that the differences in stability are due to
differences in steric energy. This is not to say that the 5,5,5 contiguous ring system is
necessarily the most stable, in fact the bending interactions indicate the 5,6,5 system to be
the least strained. However, in the systems investigated in this thesis, with the central
chelate ring containing four sp2 centers and the terminal amine groups fully substituted the
order of stability of 5,5,5 > 5,6,5 > 6,5,6 found in the potentiometric study has been

successfully modelled by molecular mechanics calculations. The same comments can be

143



made about the stability order 5,5 > 6,5 > 5,6 where the second number refers to the ring

containing the carbonyl carbons.

The problem of the extremely large stability predicted for the SUM11-2 complex
thus still remains. The possibility exists that the global minima of the corresponding 6UM
and 656UM complexes were not found even though an exhaustive seéfch in which literally
thousands of starting geometries were generated and minimized by the MCMM method of
MacroModel, was carried out. This required substantial amounts (several days) of CPU

time.
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CHAPTER FIVE
ANIMAL EXPERIMENTS



5.1 INTRODUCTION

Unfortunately, vany drug showing promise as a therapeutic agent ultimately has to
undergo some form of clinical testing, no matter how thoroughly the preliminary

investigations have been carried out.

In this study it was decided to initially determine the bio-distribution of the
copper(Il) complexes which would also indicate their in vivo stability. If the drugs had a
favourable bio-distribution further experiments could be carried out to investigate their
anti-inflammatory activity as well as determine their mammalian toxicity. Thus in order to
determine the efficacy of these diamino diamide ligands in transporting copper(II) through
the body to possible sites of inflammation, tissue distribution studies using white mice

were performed.

Furthermore only the strongest of the diamino diamide copper(Il) complexors, i.e.
SUM, was studied. For comparison the ligands TTDA and DTDA were also investigated.
These have been shown, by computer modelling of blood plasma [41], to be excellent

mobilizers of copper(Il) in vivo.

Due to the small size of the laboratory animals the copper distribution was
monitored by radio-active labelling, which also allowed for very rapid analysis of the
excised samples. For this purpose 67Cu was used in the present study since it has a
relatively long half-life of 61.9 hrs. Although decay is by release of beta particles, this
isotope also has moderately abundant 93 and 184 keV gamma emissions which are usually

monitored [156].
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5.2 EXPERIMENTAL PROCEDURE

The experimental approach used in this study was similar to that of other workers
in the field of nuclear medicine [157, 158]. Male Balb/c mice were used throughout the
study, with food and water being allowed ad libitum. Approximately 1 mmol dm™3
copper(II) solutions of the fhree ligands, as well as a cupric chloride control, were made up
using sterile saline and adjusted to physiological pH. These solutions were spiked.'with
67CuCl, (radiochemical purity > 98%) to give solutions of about 12 kBq ml"1. Groups of
10 mice were injected intraperitoneally with 200 ul of these 67Cu solutions. This
approximated to a 2.4 kBq dose of radioactivity per mouse. The mice were then
individually placed in polycarbonate cages which contained faaper towelling for urine

absorption.

After 6 or 24 hours groups of 5 mice were lightly anésthetized by ether inhalation
and then sacrificed by cervical dislocation. Aliquots of blood were taken from the inferior
vena cava and various organs were excised and weighed. The urine impregnated towelling
was extracted with 100 ml of 20% v/v HCl. Radioactive counting was carried out in a
Minaxi Autogamma 5000 Series ¥ counter using a window set for 7Cu and a counting

time of 10 minutes. Samples of the injected solutions were used as counting standards.
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5.3 IN VIVO MODELLING

Computer modelling of the in vivo copper(Il) speciafion was carried out using the
program ECCLES [159]. The calculations were based on an updated model of blood
plasma [160] with the relevant constants taken from the potentiometric results (section
3.4.2.1) and from references by Jackson and Kelly [41, 161). Of particular interest is the
computed increase in low-molecular-weight copper(ll) concentration caused by the
individual drugs in the presence of competing endogenous ligands. The key' function in
this respect is the plasma mobilization index (p.m.i.) [162] which is defined, for example,

for copper(II) by the following equation.

total conc. of low-molecular-weight copper('II) complexes in the presence of the drug

pml Cu =
total conc. of low-molecular-weight copper(II) complexes in normal plasma

Thus a strong and specific coppér(II) chelator would have high p.m.i. values at low

drug concentrations, which would indicate a potentially useful therapeutic agent.
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5.4 RESULTS AND DISCUSSION

The bio-distribution results are given in Table 5.1(a & b). The readings were
corrected for background noise and adjusted according to the half-life of 67Cu since the
samples were counted at different times. Section (a) of the table shows the degree of
copper(Il) retention by the body for the various ligands, whereas part (b) indicates into

which organs copper(Il) has been concentrated.

Table 5.1 : (a) Tissue distribution of 7Cu in white mice for various ligands (% radioactive dose,
mean = sdev). Similarly for (b) except the units are in % dose / g of tissue.

(a) % DOSE
LIGAND  TIME/rs Carcass Urine Whole Body
TTDA 6.0 26.4124.48 64.3125.61 35.6945.61
24.0 20.9615.28 72.85£6.03 27.1526.03
5UM 6.0 46.3623.85 17.3825.57 82.6215.57
24.0 45.6024.13 28.85+3.84 71.1523.84
Control 6.0 43.1223.35 21.16£3.86 78.8423.86
24.0 41.5426.60 34.4427.71 65.567.71
DTDA #6.0 13.6025.45 70.886.87 29.1316.88
24.0 18.2527.30 71.80+7.63 28.20+7.63
(b) % DOSE / g
LIGAND TIME/rs Whole Body Blood Kidney Liver Muscle
TTDA 6.0 1.9120.37 1.28:0.79  3.6420.59 9.73:1.63 0.0420.09
24.0 1.5920.52 1.40:0.14  2.3120.38 4.50+1.08 0.020.05
5UM 6.0 4.2620.39 436:0.43 7272213  35.61£3.83 0.78+0.60
240 4.560.61 5.29:0.66  6.68:0.47  25.27:4.64 0.5520.17
Control 6.0 4.600.26 4.02:074  6.9620.57  36.20£3.43 0.7720.12
24.0 4.0520.61 3.57:093  6.032090  23.42:3.27 0.4220.17
DTDA #6.0 1.6420.31 0.15:0.10 227070  17.6822.50 -0.1720.15
240 1.7020.46 0.5320.73  1.600.26 10.05x1.16 -0.08£0.05

# Averages and SDEV's are for 4 mice only
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Unfortunately the results of the 67CuCl, control at 24 hrs do not agree well with the
results in fibrosarcoma-bearing mice injected with 64CuCl, obtained by Pastakia et al.
The latter results show much smaller uptake in the liver, kidneys, blood and muscles at 24
hrs. This could however be due to the intraperitoneal, as apposed to intravenous, injection
method used in this study resulting in a slow release of radioactivity into the blood.
Alternatively hydrolysis of the 7CuCl, to colloidal 67Cu(OH), could have occurred prior
to injection due to the relatively high pH ( = 7.4) of the solution, which would have been

phagocytozed and taken up in the liver.

The results of the control do however compare quite well with those of Owen who
studied the bio-distribution of copper in rats injected intravenously with 64Cu-acetate

[163]. Although the clearance rate in mice should be faster by a factor of
( weight ., / weight ;o ouce )0.33

according to McAfee and Subramanian [164], this is probably compensated for by the

different means of injection.

The results for the 67Cu-5UM complex are quite similar to those of the control, i.e.
good retention of the radioactive label, as is evidenced by the high whole body and low
urine % dose values (Table 5.1(a)). The elevated liver concentrations however support the
hypothesis that on injection, the 67Cu-5UM complex dissociates immediately into its
components, indicating a low in vivo stability of the complex. The liberated copper(Il)
ions then follow the normal metabolic pathway of ionic copper. This consists of binding to
serum albumin and rapid uptake by the liver, followed by a slow release back into the
blood as ceruloplasmin or excretion into the gut as biliary copper [21]. Only a small
fraction appears to be eliminated in the urine. Protein binding in the blood would also

account for the elevated levels of 7Cu in the muscle.
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Based on the modelling results given in Figure 5.1, which show SUM to be a far
weaker copper(IT) mobilizer than DTDA, TTDA or DTPA, by several orders of magnitude,
the in vivo results are+not very surprising. In fact serum stability studies of 67Cu-DTPA
have indicated that the metal is readily transferred, even from this relatively strong

chelator, to the plasma protein serum albumin [165].
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Figure 5.1 : Logarithms of the plasma mobilization index of copper(Il) for various ligands. The
right hand y-axis relates to SUM only. Calculations were carried out using the updated constants
from Jackson and Kelly [41, 161]. '

In contrast to the results of the copper(II)-SUM complex, the distribution of the
67Cu-DTDA and TTDA complexes is completely different. The whole body retention is
unfortunately quite low even after only 6 hrs post injection as the complexes are rapidly
eliminated in the urine with only a small amount of copper excreted via the liver. This is
probably due to the fact that although the complexes are uncharged at physiological pH

they are presumably too hydrophilic for efficient reabsorption from the urine. In a
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previous animal study carried out on rats with adjuvent arthritis, renal excretion of the

intensely coloured copper(II) complexes had been observed [42].

&

As predicted from the speciation modelling results (Figure 5.1), both DTDA and
TTDA are quite stable in vivo, being able to prevent loss of copper to serum albumin and
therefore ultimately to ceruloplasmin. This is indicated by the low levels of 67Cu in the
blood 6 hrs post injection. In this respect the two ligands appear to be not dissimilar to the
macrocycle p-nitrobenzyl-TETA which is known to form stable complexes with copper(II)

in mice [156, 165], but undergoes even more rapid renal elimination due to being charged.

Finally the 67Cu-TTDA complex appears to be more stable in vivo than the DTDA
complex based on the liver results of these two ligandS. Thus the loss in radioactivity with
time for TTDA from 9.7 to 4.5% g1 corresponds to a whole body loss of about 8% g-1.
For DTDA the corresponding liver loss is from 17.7 to 10.0% g~ and is accompanied by

very little change in whole body retention, indicating some loss of 67Cu to ceruloplasmin.

Future work of interest would be to measure the comparative in vitro serum
stability of the copper(I)-DTDA and TTDA complexes using the technique described by
Cole et al [165]. It is however apparent that neither of the three drugs investigated is
particularly suitable as an injected anti-arthritic agent. This is clearly the case for the
administration of copper by injection of the complexes copper(II)-TTDA and DTDA.
Whilst they are sufficiently stable to avoid breakdown in the low pH environment of the
stomach, oral administration of these complexes would suffer the same fate of rapid renal

excretion.
In contrast, as is evident from the speciation diagram in Figure 3.8, the copper(II)-

SUM complexes are not formed below pH 4.5 and hence are not suitable for oral

administration. However, topical application at the sites of inflammation, might be a
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“viable proposition in the case of this ligand. At a pH > 8 most of the copper would be
present as the uncharged SUM complex, allowing for absorption through the skin in a
manner similar to that reported by Walker et al [27]a Once in‘ the body, the copper(Il) ion
would be readily given up due to the low stability of the complex. This would increase the
labile body pool of copper(Il) which could then elicit the desired anti-arthritic response.
Topical application of the copper(II)-TTDA and DTDA complexes is not expected to be

successful as they are quite polar and would therefore not easily perfuse through the skin.
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CHAPTER SIX
CONCLUDING REMARKS



The aim of this thesis was not to investigate the pathogenesis of RA nor to
contribute to the on-going discussion of the aetiology of this disease, but rather to try and
develop a series of copper(II) mobilizing agents which might be of use in the treatment of
Rheumatoid inflammation.  Although copper(Il) is undoubtedly involved in the
progression of this disease, we are making the assumption that control of the speciation of
this metal at the site of inflammation can be of some use in the treatment of RA. This
assumption is not altogether uncontentious, but we believe that the benefits of copper(Il)
administration have been sufficiently demonstrated to justify this line of research. Thus
this thesis describes the steps that are required in an idealized approach for the

development of new drugs, in particular copper(ll) mobilizing agents.

Having determined a series of likely in vivo copper(Il) mobilizing agents based on
the computer modelling study of Jackson and Kelly [24] as well as taking into account the
observations of Frausto da Silva and Williams [43] (see section 2.3), an unusual order of
stability was obtained from the potentiometric results. Thus for the first time a system
forming three contiguous 5-membered chelate rings with copper(Il) was found to be
substantially more stable than those which form the 5,6,5 or 6,5,6-membered

configurations (see section 3.6).

In order to explain this anomalous stability pattern these systems were investigated
by other experimental techniques. An attempt was made to account for the potentiometric
observations by determining the actual structures of the complexes in solution using
UV/VIS spectrophotometry. However, since there are several species present in solution
at any given pH (see, for example, Figure 3.15) a mathematical evaluation of absorbance
versus pH data was required (see section 3.5.2). Using this the actual structures of the
complexes in solution were successfully determined (see section 3.6). However, as similar

structures were formed by each of the ligands, this investigation could not be used on its
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own to explain the apparently anomalous order of stability, referred to in the previous

paragraph.

Accordingly, having determined the actual structures of the complexes in solution,
molecular mechanics modelling was used to calculate the strain energies of the various
species. By applying a novel approach in which the differences in strain energy on
complexation were determined, the order of stability was then successfully explained.
Thus it was shown that molecular mechanics calculations can be used to rationalize the

stability of related complexes (see section 4.4).

Finally Speciation modelling of blood plasma was found to be useful in order to
explain the in vivo 67Cu tissue distribution results, obtained for the copper(Il)-SUM
complex in the animal experiments (see section 5.4). These computer simulations have
however, to be used with caution as they do not take into account other factors such as
hydrophilicity of the complexes. Thus the simulations could not predict the observed rapid
urinary excretion of the stable and formally uncharged copper(I)-TTDA and DTDA
complexes. Hence, it became evident only after the tissue distribution studies that neither
of the three ligands investigated would be suitable as injected anti-inflammatory copper(1I)

mobilizers.

The SUM complex may however be of some use as a topically applied anti-arthritic
agent and therefore further studies should be directed along these lines. Alternatively,
another interesting seriés of diamino diamide ligands is one in which the amide functional
groups occupy the terminal positions, i.e. the series of ligands SDH, 6DH and 656DH.
Although the first of these ligands has not been studied, the latter two are known to be
good complexors of copper(I) [103, 166]. Thus their potential as anti-inflammatory

agents should be investigated in a study similar to the one presented in this thesis.
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In addition preliminary potentiometric results have shown that the dioximo diamide
ligand, analogous to SUM and able to form a similar contiguous 5-membered ring éystem,
~ is a very strong copper(II) chelator over a wide pH range.'_ This is presumably due to the
terminal oxime groups sharing a proton by hydrogen bonding on complexation, thus
conferring macrocyclic like stability on the éomplex. The ligand however, loses three
protons on complexation with copper(II), namely one oxime and two amide protons, which
results in a negatively charged complex. This problem could be eliminated by replacing
one of the amide groups by an amine, thereby again forming an uncharged complex which
could be a potentially useful in vivo copper(II) mobilizer. This i§ therefore a furgher area

of investigation.

In conclusion, although this thesis has not lead to the successful development of a
new anti-arthritic agent for use in the treatment of RA, it is hoped that it has contributed to
the understanding of some of the aspects and problems involved in such a project.
Furthermore, apart from introducing some new ideas that can be successfully applied in the
field of solution chemistry, it is hoped that this thesis has clearly outlined the approach to
be followed in the development of new metal ion based drugs. This approach can be
summarized by the following steps: 1. computer assisted design of potential ligands, 2. in
vitro experimental evaluation in the laboratory, 3. speciation modelling of blood plasma

and 4. in vivo verification by animal experiments.
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APPENDIX A : LIGAND SYNTHESIS

All starting materials were purified by distillation and checked by boiling point and
proton NMR. Organic solvents were similarly purified and invariably had to be dried by
standard methods. Dry HCl gas was generated by dropping conc. HCI into conc. H,SO4
using a capillary system. All ligands whether synthesized in this study or obtained from

other sources, were checked for purity by micro analysis, as well as proton and carbon-13

‘NMR. NMR spectra were recorded on a Varian VXR 200 spectrometer. Only the NMR

results of selected ligands are presented here.

Essentially two relatively straightforward synthetic routes exist for the synthesis of
this series of compounds, i.e. reaction of the N,N-dialkyl diamines with either the acyl
chlorides or with the corresponding esters. Due to availability of the esters the latter

approach was used throughout this study.

No mechanistic precautions against further substitution reactions needed to be
taken as the amino precursors were all completely alkylated at one end. However only in
one instance, i.e. in the case of N,N'v-bis [3-(dimethylamino)propyl] ethanediamide, could
the desired product be isolated. Due to the extremely hygroscopic nature of the other
ligands, sometimes only obtainable in the form of an oil, these were reacted further to give
their corresponding hydrochlorides. The hydrochlorides were also severely hygroscopic
but were at least obtained as solids that could be purified sufficiently for the purposes of

the potentiometric investigations.

Al. N,N' bis [2-(dimethylamino)ethyl] propanediamide (6UM)

3.21 g diethylmalonate (0.020 mole) was slowly added to 3.78 g N,N-dimethyl

ethylenediamine (0.043 mole) and stirred under high purity nitrogen for 3 hours at 80°C.
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The volume of the dark pink reaction mixture was then reduced on a rotary evaporator at a
temperature of about 50°C thereby removing unreacted amine and the by-product ethanol.
- »On allowing the reaction mixture to cool to room temperature, white radiating crystals in a
hard pink matrix formed almost immediately. These were taken up in dry THF, the
solution titurated with n-hexane and left to stand overnight, resulting in the formation of
conglomerate, needle-shaped crystals. These were found to be very hygroscop'ic and it

was thus decided to convert the product to its hydrochloride.

The supernatant was decanted and the crystals dissolved in dry THF. Dry HCI gas
was slowly bubbled through this solution, resulting in the formation of a hard white
precipitate. This was filtered off under nitrogen and recrystallized from a hot mixture of
dry methanol and absolute ethanol titurated with THF. The large opaque crystals thus

formed were washed with absolute ethanol followed by THF, and dried under high vacuum

and stored over P»Os.
Microanalysis : C H N
Calc. for C{1Hy40,N4+2HCI : 41.6% 8.2% 17.7%
Found : 41.6% 8.0% 17.6%

Spectral data : The proton NMR of the ligand was run in D,O. The following chemical

;

shifts (ppm) are given relative to dioxane at 8 = 3.55 ppm.

2.72 (12H, s, CHs); 3.11 (4H, 1,J = 6.0 Hz, MeNCH,); 3.17 (2H, s, COCH,CO)
and 3.42 (4H, t,J = 6.1 Hz, CONHCH,)

The methylene assignments were done by analogy with the ligands 6UE and

656UM (see below). The singlet for the central methylene protons was observed to

undergo slow deuterium exchange with the solvent.

157



A2. N,N' bis [2-(diethylamino)ethyl] propanediamide (6UE)

3.2 g diethylmalonate (0.02 mole) was added to 5.1 g N,N-diethyl ethylenediamine
(0.044 mole) and stirred under nitrogen for about 40 hours at 70 to 80°C. Even though the
volume of the pink reaction mixture was redu&d first on a rotary evaporator at about 60°C
and then under high vacuum at 50°C, the product could only be isolated as a viscous oil

and was therefore converted directly to the hydrochloride.

The conversion to and subsequent isolation of the hydrochloride product posed
many more problems than in the synthesis of the previous ligand. The oil was taken up in
dry THF and HCI gas allowed to bubble slowly through the solution. A rather sticky, pale
yellow precipitate was formed with the evolution of much heat. This could however not
be recrystallized from a number of dry organic solvents, reverting in each case to a yellow
oil. Eventually recrystallization from very dry MeCN, titurated with THF, was successful,
resulting in a chunky white precipitate. This was filtered off under nitrogen, washed with
THF and dried under high vacuum over P,Os. The percentage yield obtained was 81%.

The product is quite hygroscopic.

Microanalysis : c H N
Calc. for Cy5H3,0,N-2HCl : 48.3% 9.1% 15.02%
Found : 48.0% 9.0% 15.1%

Spectral data : The proton and carbon-13 NMR of the ligand were initially run in D,0.
However, a signal for the protons of the central methylene group, expected at about 6 = 3.1
ppm cf. the previous ligand, was not observed (see Figure A2.1a). Furthermore, only 5 of
the expected 6 signals were apparent in the carbon-13 NMR. The NMR were thus rerun in

CDCl3, a problem due to low ligand solubility, whereupon the proton and carbon-13
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Figure A2.1 : Comparison of the proton NMR of 6UE in D50 (a) and CDCl; (b) showing only the
region in which the signals due to the methylene protons appear. The singlet at & = 3.09 ppm in the
CDClj; spectrum is assigned to the COCH,CO protons (see text).

spectra showed all the expected signals as can be seen in Figures A2.1(b) and A2.2
respectively. This suggests that deuterium exchange of the methylene protons may have
occurred. The carbon-13 NMR was furthermore run in H,O. This gave a spectrum very
similar to that obtained in CDCl3, showing all 6 signals as expected. By running the

carbon-13 NMR in D,O immediately after dissolution of the ligand as well as at various
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intervals thereafter, the decrease in the intensity of the methylene signal with time was
clearly observed, which is further evidence for deuterium exchange. The central
methylene hydrogens are thus quite labile, undergoing keto-enol tautomerism with the

amide groups and subsequent proton abstraction by the basic amine nitrogens.

Finally, as can be seen from Figure A2.1, on running the spectrum in CDClj,
deuterium exchange of the amide protons also no longer takes place resulting in further

splitting of the triplet at = 3.24 ppm into a doublet of triplets.

Thus the following proton chemical shifts (ppm) are given relative to CDClj at 8 =

7.24 ppm.

95 (12H, t, J = 7.1 Hz, CH,); 2.43 (12H, t + q, MeCH,NCH,); 3.09 (2H, s,
COCH,CO) and 3.24 (4H, d of t, CONHCH,)

The following carbon-13 chemical shifts (ppm) are given relative to CDCl3 at b =

77.0 ppm.

11.6 (CH3); 37.2 (CHy); 43.3 (COCH,CO); 46.7 (MeCH,); 51.2 (CH,) and
161.7 (CO)

Further NMR experiments to definitively assign the methylene signals at d = 37.2

and 51.2 ppm were not carried out.

161



A3. N,N' bis [2-(dimethylamino)ethyl] - and N,N' bis [2-(dimethylamino)ethyl]
ethanediamide (5UM and 5UE)

The hydrochloride derivatives of these two ligands were synthesized as part of K.

Voyi's Ph.D thesis [167]. Their purities were determined by NMR and micro analysis.

Microanalysis : C H N
Calc. for C10H2202N4'2HC1 . 396% 79% 185%
Found : 39.4% 7.7% 18.5%
Microanalysis : C H N
Calc. for CI4H3002N4'2HC1 46.8% 9.0% 15.6%
Found : 47.0% 9.0% 15.6%

The compounds were used without further purification.

Ad4. N,N' bis [2-(dimethylamino)propyl] ethanediamide (65§UM)

4.2 g N,N-dimethyl propylenediamine (0.041 mole) was added dropwise to 2.9 g
diethyloxalate (0.02 mole) in 15 ml dry THF with the evolution of some heat. The solution
was stirred and allowed to reflux under nitrogen for about 24 hours at 65°C. The volume
of the pale yellow solution was then reduced to dryness on a rotary evaporator whereupon
a bulky white precipitate formed. This was eventually recrystallized from cold n-hexane
being very soluble in water and most other organic solvents. The product is not
hygroscopic and it was therefore decided to use the ligand in this form. The percentage

yield was greater than 90%.
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Microanalysis : - C H N

Calc. for C12H2602N4 : 55.8% 10.1% 21.7%
Found : 55.2% . 10.4% 21.7%

Spectral data : The proton NMR of the ligand was run in D,0. The following chemical

shifts (ppm) are given relative to dioxane at & = 3.55 ppm.

1.69 (4H, t of t, CH,CH,CH,); 2.14 (12H, s, CH3); 2.32 (4H, dist. t, MeNCH,)
and 3.25 (4H, t,J = 7.0 Hz, CONHCH,)

In order‘ to determine the methylene assignments unequivocally, the proton NMR
was rerun with the addition of a small amount of DCI. As expected, this had the effect of
shifting all the signals progressively downfield according to their proximity to the
positively charged amine nitrogens. Thus the triplets at 6 = 2.32 and 3.25 ppm showed the
largest and smallest downfield shifts, .54 and .07 ppm respectively, which allowed the
above methylene assignments to be made. The signal at & = 1.96 ppm was shifted an
intermediate amount of only .18 ppm, which together with its observed multiplicity,
provided evidence for its assignment. As expeded, the singlet assigned to the protons of

the methyl groups, also showed a large downfield shift of .47 ppm.
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APPENDIX B : MOLECULAR MECHANICS FORCE FIELD

MacroModel - Atom and Bond Type Description and Numbering

BONDS:
No Ssymbol Description

0 . Zero order bond

1 - Single Bond_

2 = Double Bond

3 % Triple Bond

4 * Bond of Undefined Order

ATOMS:

No Symbol Description MM2 Equivalent
2 C2 C - sP2 . 2,3
3 c3 ¢C - spP3 1

15 02 Oxygen - Double Bond 7

25 N2 N - sP2 9

26 N3 N - SP3 8

32 N5 N+ - SP3 39

41 H1 H-Electroneut (e.g. C,S) 5

43 H3 H-N(Neut) 23

44 H4 H-Cation 28

62 20 Special Atom to be defined

63 Lp lLone Electron Pair 20

64 00 Any Atom 0]

Note: 00 atoms stored as type 0 in atom connection table.

Note: All current force fields require explicit hydrogens
on heteroatoms.
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N.L. Allinger, JACS, 99, 8127 (1977); Parameters from NLA (6/87)
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Allinger MM2(87) Force Field

Copyright Columbia University 1989
All rights reserved

Energy Punctions and Conversion Factors in Use '

Field 1 (origin):
Field 2 (Quality): 1 = Final Values, 2 = Tentative Values, 3 = Low Quality Value

Field 3
Field 4
Field 5
Alternate 001: a = Original MM2, b = Osawa (Tet, 2769 (83)) MM2' modification of C and H parameters.
Alternate 002: a = Original MM2, b = Kroon-Batenburg (JMolStr, 417 (83)) special Lp-H interaction

' to give proper hydrogen bonding geometries and energies.

c3
(o}
Cc3
c3
c2
C2
c3
c3
c3
c3
c2
c2
Cc2
Cc2

N 2 N NN B e D N OB e e NN

601.99392
601.99392
601.99392
2.09200
60.19939
" 4.18400
1389.50000
418.40000
1.00000
4.18400
0.00000

O Original MM2 Parameters
M Modified MM2 Parameters
A Added parameters
1 High quality parameters

2 Tentative value parameters

3 Low quality parameters

a MM2 hydrocarbon params

b Kroon-Battenburg Lp params

stretching Interactions (STR)

c3
Cc3
Hl
Hl
c3
Cc3
N2
N2
N3

NS

c2#
c2
c2
oz2¢#

Bond Length
(ang)

1.5230
1.5260
1.1130
1.1130
1.5090
1.4970
1.4470
1.4370
1.4380
1.4800
1.5200
1.3340
1.4700
1.2440

Opt. Descriptor

O = Original MM2, M = Modified Parameter, A = Additional Parmeter

Parameter Referencing

Constant Bond Moment Atml

(mdyn/ang)  (debye)
4.4000 0.0000
4.4000 0.0000
4.6000 -0.7500
4.6000 0.0000
4.4000 -0.3000
4.4000 -0.3000
3.5200 1.4700
3.5200 1.4700
5.1000 0.0400
5.1000 1.3000
5.0000 0.0000
9.6000 0.0000
6.0000 0.0000
9.9000 2.8000

0000
0000
N500
0000
0200
0000
0000
0000
0000
0000
O2N2
0200
0000
R200

Atm2

0000
0000
0000
0000
0000
0000
K300
0000
0000
0000
O2N2
0200
0200
0000
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12345 S5A
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la
1b

Comment

c-C

C-C, MM2°', Tet, 2769(83)
H-C(-N+), WCS(CU)

H-C(8p3)

C-C(=0)

C-C(sp2)

C~-N(sp2), ;ICOmpchan,'Soa(as)
C-N(sp2), JCompChem,503(89)
C«N(sp3)

C-N+(sp3), JACS, 7141(87)

C(sp2)~C(sp2), WCS(CU),Lo AVoye

C(=0)=-C(=0)
C=C-C=0, JACS, 14(87)
0=C(~N), JCompChem,503(89)
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283

c3
c3

c3
c2

-

02
N2#
N2
NS
Lp
Lp
H3
H3
Lp
B4
02
N2
NS

Bending Interactions (BND)

1.2080
1.3430
1.3300
1.4800
0.5000
0.6000
1.0200
1.0220
0.6000
1.0450
2.0000
2,0000
2.0000

C3 -
C3 -
C3 -
C3 -
C3 -
C3 -
C3 -
C3 -
C3 -
C3 -
C3 -
C3 -
C3 -
c3 -
C3 -
C3 -
C3 -
C3 -
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Cc3 -
C3 -
C3 -
c3 -
c3 -
C3 -
C3 -
C3 -
C3 -
C3 -
C3 -
C3 -
C3 -
C3 -
C3 -
C3 -
C3 -
C3 -
C2 =
C2 =

H1
Hl
Hl
c3
c3
c3-
Hl
H1
Hl
Hl
H1
Hl
H1
H1
Hl
c2
c2
c2
c2
c2
c2
c2
c2
c2
N3
N3
N3
N2#
N2g#
N2
H1

Hl
N5#
N5#
N5#
H1
02
02

10.8000
6.4000
6.3000
5.5000
4.6000.
6.1000
6.1000

© 5.9000

6.1000
6.1000
0.8900
0.8900
0.8900

2.6000
-0.2900
1.0000
1.3000
0.6000
0.6000
-0.7600
-1.3100
0.6000
-1.6000
0.0000
1.3100
1.6000

Opt. Descriptors

Angle Bending Constant

(deg)

109.4700
109.0000
109.4000
109.5000
109.5100
109.4700
110.0000
109.4100
109.3900
109.4700
108.8000
107.9000
110.0000
109.4100
109,3900
110.2000
110.5100
109.4700
110.2000
110.5100
109.4700
109.5000
109.5100
109.4700
109.5000
108.8000
109.4700
109.2800
110.7800
109.2800
108.8000
110.0000
109.0000
109.2800
109.2800
109.2800
108.8000
122.5000
123.0000

(mdyn/rade+2)

0.3200
0.3200
0.3200
0.4500
0.4500
0.4500
0.3600
0.3600
0.3600
0.3700

" 0.3700

0.3700
0.3600
0.3600
0.3600
0.4700
0.4700
0.4700
0.4700
0.4700
0.4700
0.4500
0.4500
0.4500
0.5700
0.5700
0.5700
0.5000
0.5000
0.5000
0.5000
1.0500
0.4200
0.5700
0.5700
0.5700
0.5000
0.4600
0.4600

0000
0200
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000

0000
0000
0000
0000
0000
0000
0000
0000
0000
0200
0200
0200
0000
0000
0000
0200
0200
0200
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000

0000
0000

0000

0000
0000

0000 -

0000
0000
0000
0000
0000
0000
0000

H1H1
H100
0000
H1H1
H100
0000
H1H1
H100
0000
H1H1
H100
0000
H1H1
H100
0000
H1H1
H100
0000
H1H1
H100
0000
H1H1
H100
0000
H1H1
H100
0000
H1H1
H100
0000
0000
0000
0000
H1H1
H100
0000
0000
0000
0000

Atml Atm2 Atm3

0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0200
0200
0200
0200
0200
0200
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
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O=C, ketone/ald

N-C(=0), JCompChem,503(89)
C(sp2)-N(sp2), enamine, WCS(CU)
C(sp2)~N+(8sp3), WCS(CU)
Lp-0(=C), WCS(CU)

N(sp3)-Lp

N(sp3)-H

N(sp2)=-H

N(sp2)-Lp, WCS(CU)
H-N+(sp3), WC5(CU)
Cu-0O(sp2), according to Drew
Cu-N(sp2), -
Cu=-N+(8p3), AVoye

H-C(H2)=-H

H-C(H)=-H

H-C-H

C-C(H2)-C

C-C(H)=C

C-C-C

C-C(H2)=H

C-C(H)~H

C-C-H

C(=0)~C(H2)-H
C(=0)=-C(H)~H

C(=0)-C-H
C(8p2)-C(H2)-H
C(sp2)-C(H)-H
C(sp2)~C~H
C(=0)=C(H2)=C (=0)
C(=0)=C(H)=C(=0)
C(=0)=-C=C (=0)
C(sp2)~-C(H2)-C(=0)
C(8p2)-C(H)-C(=0)
C(8p2)~C=C(=0)
C(8p2)~C(H2)-C(8p2)
C(sp2)~C(H)~C(8p2)
C(sp2)-C~C(8p2)
C=C(H2)-N(8sp3)
C~C(H)=-N(8p3)
C-C~N(sp3)
C-C(H2)-N(8p2), JCompChem,503(89)
C-C(H)-N(sp2), JCompChem,503(89)
C-C-N(sp2), JCompChem,503(89)
N(sp3)-C-H
N(sp2)~C-N(8p2)
N(sp2)-C-H
C-C(H2)-N+(sp3), AVoye
C-C(H)-N+(sp3), .
C=C~N+(8p3), -
H=-C~N+(8sp3)

O=C-C same as 1-3-7 MM2
O=C-C(8p2)



c2
c3
c3
02
c2
c2
c3
c3
c3
H3
c3
H3
c2
c3
H3
c3
c3
c3
c3
H4

nnﬂnONNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

nnnnnnuuuuuuuuuur!:

N

& b & & b

S &8S8

c3
c3
c2
H4

H1
00
Hl
00
00
H3
00
H3
00
00

Hl
Hl
c3
c3
c3

*C2* N2 114.0000 0.6600 0200 0200 0000 02 C(8p2)*C(sp2)*N(sp2), AVoye
-C2 - N2 116.5000 0.6600 0000 0200 0000 02 C-C(=0)-N, JCompChem,503(89)
-C2 - N2 120.0000 0.5500 0000 0000 0000 A2 c-C(sp2)-N(ep2), WCS(CU)
= C2 - N2 124.3000 0.6700 0000 0000 0000 02 O=C-N, JCcompChem,503(89)
- N2 = C3 119.9000 0.7600 0200 0000 0000 02 C(=0)~N(sp2)-C, JCompChem,503(89)
- N2 - H3 119.0000 0.4200 0200 0000 0000 0 2 C(=0)-N(8sp2)~H
- N2 - H3 124.0000 0.4400 0000 0000 0000 02 C-N(sp2)-H
-N3=-C3 107.7000 0.6300 0000 0000 0000 02 C-N(sp3)-C
- N3 - H3 109.4700 0.5000 0000 0000 0000 02 C-N(sp3)-H
- N3 - H3 104.5000 0.5000 0000 0000 0000 02 H-N(sp3)-H
- N3 - Lp 109.2000 0.5000 0000 0000 0000 02 C-N(sp3)-Lp
- N3 - Lp 108.0000 0.5000 0000 0000 0000 02 H-N(sp3)-Lp
* N2 - Lp 122.5000 0.3500 0000 0000 0000 02 C(8sp2)*N(sp2)-Lp
- N2 - Lp 120.0000 0.3500 0000 0000 0000 02 C-N(sp2)~-Lp
- N2 - Lp 127.5000 0.5000 0000 0000 0000 02 H-N(sp2)-Lp
- N5 - C3¢ 115.4000 0.6300 0000 H4H4 0000 02 C-N+(8p3) (H2)=C
-~ N5 - C3# 111.2000 0.6300 0000 H400 0000 02 C-N+(8p3) (H)-C
- N5 - C3 107.7000 0.6300 0000 0000 0000 02 C=N+(sp3)=-C
- N5 - H4 109.4700 0.5000 0000 0000 0000 02 C=N+(sp3)-H
- N5 = H4 104.5000 0.5000 0000 0000 0000 0 2 H-N+(ep3)=H
* 20 * N2 90.0000 0.3000 0000 0000 0000 A3 0-Cu-N(sp2) according to Drew
* g0 * N5 180.0000 0.3000 0000 0000 0000 A3 O=Cu=-N+(8p3) -
* g0 * N2 90.0000 0.3000 0000 0000 0000 A3 N(sp2)-Cu-N(sp2) °
* g0 * N5 90.0000 0.3000 0000 0000 0000 A3 N(sp2)-Cu-N+(sp3) *
* g0 * NS 90.0000 0.3000 0000 0000 0000 a3 N+(8p3)-Cu-N+(sp3) "
* 02 * 20 109.5000 0.3000 0000 0000 0000 A3 anal. to H-0-Cu acc. to Brubaksr
-« N5 * 20 109.4700 0.5000 0000 0000 0000 A3 analogous to C3-N5-H4
- N2 *» 20 124.0000 0.4400 0000 0000 0000 A3 anal. to C3-N2-H3
- N2 * 20 119.0000 0.4200 0000 0000 0000 A3 anal. to C2-N2-H3
- NS5 * 20 109.4700 0.5000 0000 0000 0000 A3l anal. to C3-N5-H4

stretch Bend Interactions (S-B) Opt. Descriptor

Str Bend Const Atml Atm2 Atm3
* C2 * 00 0,0900 0000 0000 0000 01 H=-C(sp2)*
*+ C2 * 00 0.1200 0000 0000 0000 o1l *C(8p2)*
* C3 * 00 0.0900 0000 0000 0000 o1 H-C(spl)~
* C3 * 00 0.1200 0000 0000 0000 o1 =C(sp3)~
* 02 * 00 0.1200 0000 0000 0000 01 *O(sp2)*
* N2 * 00 0.0900 0000 0000 0000 o1l H=-N(sp2)*
* N2 * 00 0.1200 0000 0000 0000 o1 *N(sp2)*
*+ N3 * 00 0.0%00 0000 0000 0000 01 H-N(sp3)-
* N3 v 00 0.1200 0000 0000 0000 o1 =N(sp3)-
* N5 * 00 0.1000 0000 0000 0000 o1 *N+(8p3)*
Torsional Interactions (TOR) opt. Descriptor
vl v2 V3 Atml Atm2 Atm3 Atmd
(V1l, V2 & V3 in kcal/mole)

- C3 - C3 - HI1 0.0000 0.0000 0.2370 0000 0000 0000 0000 o1 1l a H=C=C=-H
- C3 -C3 - Hl1 0.0000 0.0000 0.3500 0000 0000 0000 0000 M1 1 b H=C-C-H MM2', Tet, 2769(83)
- C3 -C3 - H1 0.0000 0.0000 0.2670 0000 0000 0000 0000 © 1 C-C-C-H
-C3-C3 ~-N3 0.1000 0.4000 0.5000 0000 0000 0000 0000 02 C=-C-C-N(sp3)
- C3 - C3 - N2 0.0000 0.0000 0.4000 0000 0000 0000 0000 02 C-C-C~N(8p2)
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N3
N2
N5
N5
N3
02
02
N2
N2
02
H1
c3
c3
c3
H1
c3
H1
(o}
02
02
c3
Cc2
c3
Hl
Hl1
c3
c3
Hl
c3
H1
c3
c2
02
00
02
00
00
00
00
00
00
00
00
00
00
00
00
00

c2
c2

N2
20

c3
c3
c3
c3
c3
c2
c2
c2
c2
c2
c3
c3
c3
c3
c3
c3
c3
c2
c2
c2
c2
c2
c3
c3
c3
c3
c3
c3
c3
c3
c2
c2
c2
c2
c2
c3
c3
c3
c2
c2
c2
c2
c3
c3
c3
00
00
cl

02
00
H3
00
00

c3
c3
[k}
c3
c3
c3
c3
c3
c3
c3
N3
N3
N3
N3
N3

N5
N2
N2
N2
N2
N2
N2
N2
N2
N2
NS
N5
N2
N2
N2
N2
N2
02
N2
N3
N2
c3
c3
c2
N2
N2
N3
N2

20
20
cl

of

00
00
00
00
00

H1
H1
c3
H1
N3#
H1
Hl
Hl
H1
c2
c3
c3
Lp
H3
H3
c3
Cc3
H3
H3
Cc3
c3
c3
H3
c2
H3
c2
20
20
20
20
20
20
20
20
00
Lp
Lp
00
00
00
00
00
00
00
00
00
00
00

-0.1500
0.0000
0.1000

-0.1500
0.0000
0.0000

-0.1670
0.0000
0.0000
0.0000
0.0000

-0.2000
0.2000
0.0000
0.0000

-0.2000
0.0000
0.0000
1.1000
0.0000
1.1000
0.0000
0.0000
0.0000
0.0000
0.0000

-0.2000
0.0000
0.0000
0.0000
1.1000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

Plane Bending

-

*

*

00
00
00
00
00

Angle

0.0000
0.0000
0.0000
0.0000
0.0000

0.0000
0.0000
0.4000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.7300
=-0.2200
0.1200
0.0000
0.4500
0.0000
5.0000
5.0000
5.0000
5.0000
5.0000
0.0000
0.0000
0.0000
0.0000
0.4500
0.0000
0.0000
0.0000
5.0000
5.0000
5.0000
10.0000
4.5000
0.0000
0.0000
0.0000
0.0000
1.2500
4.5000
2.5000
0.0000
0.0000
0.0000
0.0000

0.0000

25.0000

Const.

0.8000
0.0500
0.0100
0.0500
0.1000

0.1500
0.4000
0.5000
0.1500
0.3500
0.0000
-0.1000
0.4000
0.2500
-0.3500
0.5200
0.8000
0.1000
0.1000
0.2500
0.8000
0.5200
0.0000
0.0000
0.0000
0.0000
0.0000
0.9100
0.0000
0.1600
0.0000
0.8000
0.5200
0.4000
-0.2000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.3500
0.2000
0.0000
0.0000
0.0000
0.3500
-0.4000
0.5000
0.0000
0.0000
0.0000

0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000

0000
0000
0000
0000
0000
OMO00
0000
0200
0000.
0000
0000
0000
0000
0000
0000
0000
0000
0200
0000
0000
0200
0200
0000

0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000

0000 '0000

0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0200
0000
0000
0000
0000
0000
0000
0000

0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000

0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0200
0000
0200
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
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Opt. Descriptor

0000 0000 0000 0000
0000 0000 0000 0000
0000 0000 0000 0000
0000 0000 0000 0000
0000 0000 0000 0000

le8

JAtml Atm2 Atm3 Atmd

» O O O O
W o e e e

N(sp3)-C-C-H
N(sp2)-C=-C-H

N+(asp3)-C-C-C

N+(8sp3)~C~-C-H
N(sp3)-C~-C=-N(sp3), A Voye
O=C (~OM)~-C-H, WCS(CU)
O=C~C-H

N~C (=0)~C~H
N(sp2)=-C(8sp2)=-C-H, WCS(CU)
0=C-C-C(8p2)

H~C~N(8p3)-C

C-C-N(sp3)=-C

C-C=N(sp3)-Lp

C=-C~N(sp3)-H

H-C-N(sp3)-H

C-C=N(+)=C, JACS, 7141(87)
H-C~N(+)-C ’
C=-C(=0)=-N-H, Amide

O=C-N-H, Amide °

O=C~N-C, Amide

C-C(=0)~N-C, Amide
C(8p2)~C(=0)~N-C, WCS(CU)
C-C-N(sp2)-H

C-C~N-C(=0), JCompChem,503(89)
H-C-N(sp2)-H

C-C-N-C(=0), JCompChem,503(89)
analogous to C3-C3~N5-C3
anal. to H1-C3-N5-C3

anal. to 00~-C3-N2-00

anal. to Hl-C3-N2-C3

anal. to C3-C2-N2-C3

anal. to C2-C2-N2-C3

anal. to 02=C2-N2-C3

anal. to *C(sp2)=0(sp2)*,WCS(CU)

=C(=0)~N(sp2)~
-C=-N(sp3)~Lp
«C=N(8p2)=-Lp
=C(sp3)-C(sp3)-
~C(8p2)-C(sp3)-
*C(8p2)-C(sp2)*
~C(=0)-N(sp2)~
*C(sp2)~N(sp2)*
~C(sp3)~N(sp3)-
~C(sp3)-N(»p2)-
=C(sp3)-N+(sp3)-

Dummy maximum limit barrier

AVoye



0O 0000

Van der Waals Interactions

Eps
(kcal/mo

0.0440
0.0440
0.0440
0.0440
0.0470
0.0470
0.0340
0.0360
0.0660
0.0550
0.0550
0.0550
0.0160
0.0165

Offset
le) (ang)

0.0000
0.0000
0.0000
0.0000
-0.0850
-0.0850
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000

Charge

0.0000

Special Van der Waals Interactions

Hydrogen Bond Interactions (function and params from AMBER
modified for Lp-containing oxygens)

Radius

Eps

(ang) (kcal/mole)

3.3400
2.5250
2.4900

0.0460
0.0233
0.0187

Opt. Descriptor

0200
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000 Lp
0000
0000
0000

Opt. Descriptor

Atml Atm2

0000 0000
0000 0000
0000 0000

4
4

c/100
2.5000 1
6.7500 1

D/100

0.0000
1.0000

Special Substructures

Square Planar Tridentate Copper Amide

18
9
9

0.0000
0.0000
0.0000

Square Planar Copper Amide

Radius
(ang)
-6 :
c2 1.9400
c2 1.9400
c3 1.9000
c3 2.0000
Hl 1.5000
Hl 1.4260
H3 1.3250
H4 1.2000
02 1.7400
N2 1.8200
N3 1.8200
NS5# 1.8200
Lp 1.2000
Z0 2.3500
END OF NONBONDED INTERACTIONS
[«
[«
[«
[«
[«
[«
-2
6 C3 Hi1
6 H3 Lp
6 H3 Lp
[«
[«
[«
[«
[«
[«
C Acceptor Donor
-2
7 H3 02
7 B4 02
[
[«
[«
[«
[+
-3
[«
9 N2-%0(-N5)-N2
-2
12
1 2
3 2 4
-3
[«
9 N2-ZO(=N5)(-N5)=N2
-2
2 1 2 5

9

0.0000

0.3000
0.3000
0.3000

0.3000

Atml Atm2 Atm3 Atmd

0000 0000
0000 0000

0000 0000 0000
0000 0000 0000
0000 0000 0000

0000 0000 0000
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01
o1
A2

la
1 b Osawa MM2', Tet, 2769(83)
la
1 b Osawa MM2', Tet, 2769(83)

WCS (CU)

WCSs (CU)

according to Drew

Special C3-H1 part of MM2
2 a
2 b LKB (JMolStr,417(83)) HBonding



LU S I NI CREXY

-3

{
N v 0

0O 0 0 088 NN

W o W e

2 3 90.0000 0.
2 4 180.0000 0.
2 5 180.0000 0.
2 s 90.0000 0.
2 4

90,0000 0.

Square Planar Copper Tetra Amine
N5-20(=N5) (-N5)~N5

L N A ]

2 5 180.0000 0.
2 3 90,0000 0.
2 4 90.0000 0.
2 5 90,0000 0.
2 5 90,0000 0.
2 4 180.0000 0.

NOTE : A # indicates interactions with altered parameters c/o the MM2 force-field

supplied with MacroModel.

3000
3000
3000
3000
3000

3000
3000
3000
3000
3000
3000

See text for original values.

0000
0000
0000
0000
0000

0000
0000
0000
0000
0000
0000

0000

0000

0000
0000
0000

0000
0000
0000
0000
0000
0000

0000
0000
0000
0000
0000

0000
0006
0000
0000
0000
0000
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APPENDIX C : CRYSTAL STRUCTURE DETERMINATION

C1. Experimental Details, Solution and Refinement of the Structure
[C11H240;N4Cly]; (CuyOClyg)

Red crystals of [C;1H»40,N4Cl5], (Cu40Clyq) were prepared by Dr K. Voyi by

slow diffusion of chloroform into an aqueous solution of 6UM and copper(II) chloride.

Microanalysis : | C H N
Calc. for C22H4805N8C114CU4 . 21.05% 3.85% 8.9%
Found : 21.0% 4.0% 8.8%

C1.1 Crystal and Diffraction Data

Preliminary investigations were made by taking oscillation and Weissenberg
photographs which provided the cell dimensions and showed the crystal to be monoclinic.
Accurate X-ray diffraction data were then obtained using an Enraf-Nonius CAD4
diffractometer with graphite monochromated Mo-K,, radiation (A = 0.7107 A). The
intensities were collected at room temperature with an w - 20 scan and variable scan width.
The data were corrected for absorption. Systematic absences of the reflections & k ! with h
+ k odd and k 0 I with / odd indicated the presence of a c-glide plane perpendicular to the

unique axis b which implies the space group to be either Cc or C2/c.
C1.2 Structure Solution and Refinement

The structure was solved by Patterson and difference Fourier heavy-atom direct
methods using SHELXS-86 [168]. Inspection of the statistics of a Patterson determination
indicated the crystal to be centric, establishing the space group as C2/c. Refinement was
carried out by full-matrix least-squares techniques using SHELX-76 [169] with anisotropic

thermal parameters for all non-hydrogen atoms except for the oxygen and chlorine atoms
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lying on special positions. The thermal parameters of these atoms were fixed according to
the method of Peterse and Palm [170]. The methyl hydrogens were treated as a rigid group
whereas the methylene and amide hydrogens were placed in calculated positions, all with a
single temperature factor. A weighting scheme was applied in the final refinement with

the function w being adjusted to give constant variances with sin 6 and |F,|. Refinement |
converged at R = 0.049 and R,, = 0.059 with the average parameter shift less than 0.05 of
the corresponding estimated standard deviations. The crystal data and full experimental

details, together with parameters for the solution and final refinement of the structure, are

given in Table C1.

Table C1 : Summary of the crystal data, together with details of the data collection and the final
refinement parameters for the structure determination of [C;;H,;,0,N4Cl,}, (Cu,0Cl;().

Crystal data

Molecular formula 1 CyHygO5NgCly4Cuy
Molecular weight /g mol™1 : 12552
Crystal system :  Monoclinic
Space group : C2fc

alA : 14.405(2)
blA : 15.805(2)
c/A : 20.644(5)
B/° : 99.61(2)
V/A3 : 4634(2)
Z : 4
D./gcm™3 : 1.799
w(Mo-K) fem™1 : 255
F(000) | . 2520

Data collection

Crystal dimensions /mm : 0.28 x0.40 x 0.43

Scan mode ! w-26

Scan width / ° : (090 + 0.35 tanB)

Aperture width /mm : (1.13 + 1.05 tan6)

6 Range scanned / ° : 1-25

Range of h,k,l : -17sh<17;0sk=<18;0s /<24
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Intensity decay / %

Empirical absorption
correction, max / min

No. of unique reflections collected

No. of observed reflections, N,
with I¢; > 20 (1)

Final refinement
Average parameter shift / e.s.d.

Residual electron
density / ¢ A3 (max/min)

No. of parameters, Np

R =2”Fo|'IFc“ | Z|Fy

R, =ZVw ||Fo|-|F| [ ZVw |Fy|
Weighting scheme, w

55

995 /.939

3708

3209

0.05

1.28 /-0.59

255
0.049
0.059

1.538 / [0X(F,) + 1.163x1073(F )2]

Complex neutral scattering factors, corrected for anomalous dispersion where
applicable, were taken from the International Tables for X-Ray Crystallography [171].
The observed and calculated structure factors are presented at the end of this appendix in

section C3. The final atomic coordinates and thermal parameters are listed in Tables C2

and C3 respectively.

Table C2 : Fractional atomic coordinates ( x 104 ) and Thermal Parameters (A2 x 103) of the non-
hydrogen atoms with estimated standard deviations in parentheses for the structure

[C11H240,N,4Cl5], (Cu OCl;g). The atom numbering relates to Figures C1 and C2.

Atom x/a y/b z/c Uiso/Uequiv
Cu(1) 4574( 0) 3176( 0) 1752( 0) 42( 0)
Cu(2) 6027( 0) 4575( 0) 2337(0) 40( 0)
cI(1) 7270( 1) 5321( 1) 2110( 1) 50( 1)
cR) 4168( 1) 2355( 1) 867( 1) 61( 1)
ci3) 3129( 1) 3956( 1) 1685( 1) 62( 1)
Cl4) 5738( 1) 3980( 1) 1250( 1) 63( 1)
CI(5) 5000( 0) 5766( 1) 2500( 0) 66( 1)
Ci(6) 5000( 0) 2062( 1) 2500( 0) 83( 1)
7 5219( 1) 9856( 1) 8315( 1) 79( 1)
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CI(8) 4806( 2) 10845( 2) 9416( 1) 94( 1)

O(1A) 5000( 0) 3880( 3) 2500( 0) 31(1)
c(1) 8354( 6) 7984( 5) 9128( 4) 74( 3)
cQ2) 9731( 5) 8902( 5) 9283( 5) 78( 3)
N(1) 8683( 4) 8861( 3) 9238( 3) 53(2)
c(3) 8429( 4) 9289( 4) 9840( 3) 53(2)
C(4) 7429( 5) 9184( 4) 9935( 3) 53(2)
" N(Q) 6716( 3) 9532( 3) 9410( 2) 45(2)
c(5) 6547( 4) 10360( 4) 9371( 3) 49( 2)
o(1) 7011( 4) 10899( 3) 9675( 3) 78( 2)
c(6) 5644( 4) 10635( 4) 8897( 3) 53(2)
0@) 5258( 5) 12039( 4) 8527( 4) 109( 3)
c(7) 5802( 5) 11471( 4) 8525( 3) 54(2) .
N(3) 6470( 4) 11434( 3) 8169( 3) 62( 2)
c(8) 6672( 5) 12147( 4) 7754( 3) 61(2)
C(9) 7536( 6) 12600( 5) 7973( 5) 80( 3)
N(4) 7614(6)  13040( 6) 8605( 5) 121( 5)
C(10) 8467(9)  13480(13) 8774(10) 332(17)
c(11) 6915(12)  13471(16) 8761( 8) 239(13)

Table C3 : Anisotropic Thermal Parameters” (A2 x 103) of the non-hydrogen atoms with estimated
standard deviations in parentheses for the structure [C;;H,4,0,N,Cl,], (Cu 0Cl; o). The atom
numbering relates to Figures C1 and C2.

Atom Un Uxn Us; Uz Uis Uz
Qul)  57(0)  34(0)  320) 4(0) 4(0) -3( 0)
Cu2)  46(0)  37(0)  38(0) 00)  11(0) -5( 0)
C1)  SK(1)  53(1)  46(1) 1) 11 -11(1)
C2)  90(1)  48(1)  40(1) 9(1) 01)  -14(1)
a@)  SH1)  81(1)  44(1) 9(1) 4(1) 12( 1)
Ci4)  92(1)  64(1)  38(1) 8(1)  24(1)  -30(1)
aG) 832 34(1)  9(2) 00)  37(1) 0(0)
ce)  169(3)  33(1)  41(1) 0(0) 0(2) 0(0)
7y  831)  66(1)  76(1) 21)  -19(1)  -16(1)
c8)  89(1)  9%(2)  108(2)  3%(1)  59(1)  30(1)

O(1A)  39(3) 22  2%(2) 0( 0) 4(2) 0(0)

(1)  94(5)  S6(4)  T6(5)  -15(4)  21(4) 2 4)
Q2 65(4)  TA5) 997 1(4)  19(4) 8( 4)
N(1)  5%(3)  56(3)  45(3) 0(2) 7(2) 6(2)
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c(3) 60( 4) 60( 4) 36( 3) 1( 3) 0( 3) 7(3)
C(4) 70( 4) 52( 4) 37(3) 3(3) 8(3) 2(3)

NE) 52(3) 38(3) 46( 3) 1(2) 8(2) 5(2)
Q5)  60(4)  48(3)  40(3) 43  8(3) A3
o1)  93(4) 51(3) 80(4)  -21(3)  -14(3) -3(3)

Q) 56( 4) 47( 3) 56( 4) 4(3) 12( 3) 5(3)
02  140(5) 63(3)  146(6) 42( 4) 87( 5) 45( 4)

(7) 72( 4) 40( 3) 54( 4) 3(3) 23( 3) 10( 3)
N(@3) 80( 4) 40( 3) 77 4) 8(3) 40( 3) 8(3)
C(8) 83(5) 57( 4) 45(4) 4(3) 19( 3) 0( 3)

(9) 82(5) 63(5)  100(7) 9(5) 32( 5) -3(4)
N@4)  105(6) 1147  151(9) -7 7) 41(6) -2 5)
C(10) 80(8)  474(36)  449(32)  372(30)  71(14)  -93(15)
O(11)  208(18)  364(30)  149(15)  160(18)  46(13)  45(20)

# These are in the form of exp(-2n2(U uhz(a")2 + ... + 2U phk(a*)(b*) + ...).

C2. Results and Discussion

The structure of the garnet-red crystal thus determined was found to incorporate the
very interesting (CuqOCl;g)4" polynuclear cluster shown in Figure C1. This has the oxide
ion in a rather unusual environment, i.e. tetrahedrally coordinated to four copper(Il) ions.
The anion can be thought of as a member of the series of compounds with the general
formula Cu OCIgL,4. Structures with L = triphenylphosphine oxide, pyridine or N,N -
diethylnicotinamide, for example, have been reported previously in the literature [172,
173, 174, 175, 176]. Furthermore, structure determinations of polynuclear anions with L =
CI, essentially identical to this study, have also been reported, and occur together with
different quaternary ammonium cations in, for example, the tetramethyl- [175, 177],

diethyl- [178] and N,N,N',N'-tetramethylethylenediammonium [179] salts.

As in the case of the crystal structure determined by Belford et al [179], the space
group is C2/c with only four formula units in the monoclinic unit cell. This requires
symmetry for the anion which therefore lies on a crystallographic two-fold axis, running

through the atoms CI(5), O(1A) and CI(6).
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Figure C1 : Pluto representation of the anion (Cus0Clyg)*". The atoms CI(5), O(1A) and CI(6) lie
on a crystallographic two-fold axis, indicated by the arrows.

Table C4 : (a) Bond lengths (A) and (b) bond angles (degrees) with estimated standard deviations
in parentheses for the (Cu4OCl;g)*" anion. The atom numbering relates to Figure C1 and the type
of interactions are furthermore as indicated. '

(a) axial: Cu(l)-CI(2) 2.238(2) Cu(2) - CI(1) 2.257(2)
Cu(1)-O(1A)  1.919(3) Cu(2)-O(1A)  1.917(3)

equatorial : Cu(1) - CI(3) 2.403(2) Cu(2)-CI(3A)  2.384(2)
Cu(1) - CI(4) 2.466( 2) Cu(2) - CI(4) 2.404( 2)
Cu(1) - CI(6) 2.355(1) Cu(2) - CI(5) 2.452( 1)

(®) Cu(1)-O(1A)-Cu(2)  110.1(1) Cu(l) - O(1A) - Cu(2A)  108.7(1)
Cu(l) - O(1A) - Cu(1A)  109.1( 1) Cu(2) - O(1A) - Cu(2A)  110.1(1)
Cu(1) - CI(4) - Cu(2) 80.4(1) Cu(1) - CI(3) - Cu(2A) 81.3(1)
Cu(l) - CI(6) - Cu(1A)  83.2(1) Cu(2) - CI(5) - Cu(2A) 79.7( 1)

eq.toeq.: CI(3) - Cu(l) - CI(6) 123.3(1) CI(3A) - Cu(2) - CI(5) 115.7( 1)
CI(4) - Cu(1) - CI(6) 122.7(1) Ci(4) - Cu(2) - CI(5) 114.5(1)
CI(3) - Cu(1) - CI(4) 110.8( 1) CI(3A) - Cu(2) - Ci(4) 127.8(1)

ax.toeq.: CI(2) - Cu(1) - CI(6) 96.1(1) CI(1) - Cu(2) - CI(5) 98.4( 1)
CI(2) - Cu(1) - Ci(4) 193.4(1) CI(1) - Cu(2) - CI(4) 91.7( 1)
CI(2) - Cu(1) - CI(3) 98.4( 1) CI(1) - Cu(2) - CI(3A) 94.6( 1)

eq.toax.: CI(4) - Cu(1) - O(1A) 83.7(1) CI(4) - Cu(2) - O(1A) 85.5(1)
C1(6) - Cu(1) - O(1A) 83.8(1) CI(5) - Cu(2) - O(1A) 85.1(1)
CI(3) - Cu(1) - O(1A) 84.6(1) CI(3A) - Cu(2) - O(1A) 85.2(1)

ax.toax.: CI(2)-Cu(l)-O(1a)  176.5(1) CI(1) - Cu(2) - O(1A) 176.3(1)

Interatomic distances and angles of the anion are given in Table C4. The Cu-O
distances, 1.917 and 1.919 A, agree well with those reported for the three structures

mentioned above, i.e. 1.92 to 1.95 A [175], 1.917 A [179] and 1.903 to 1.917 A [178], and
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with the value for copper(II) oxide of 1.95 A. The Cu-O-Cu angles, varying by only .82°
from the ideal value, together with the very similar Cu-O distances, indicate that the
tetrahedron of copper atoms about the central oxygen is only slightly distorted from perfect

T4 symmetry.

The copper atoms are essentially in a trigonal bipyramidal environment with the
terminal Cl-Cu bond lengths of 2.238 and 2.257 A significantly shorter than the bridging
Cl-Cu bond lengths which range from 2.355 to 2.466 A. These distances compare well
with the values of 2.25 and 2.38 to 2.45 A, reported by Bertrand and Kelly [175]}, and
2.242 and 2.409 A of Belford et al [179], for the axial and equatorial interactions
respectively. The O-Cu-Cl,, arrangements are virtually linear with angles of about
176.4°. The Cleq-Cu-Cleq bond angles show quite large variations but agree well with the
corresponding values reported by Belford et al. Considering the O-Cu-Cl,ul angles, which
have an average value of about 85°, and the Cl,,-Cu-Cl,, angles, which are all greater
than 90°, it is apparent that the copper atoms are displaced out of the equatorial plane away
from the oxide towards the axial chlorides, as has also been observed in previous structures

[175].

Bertrand and Kelly have attributed the differences in Cu-Cl distances to a
shortening of the axial bonds by back-donation from the copper into the vacant 3d orbitals
of the chloride, rather than lengthening of the equatorial bonds as a result of bridging. This
arises from a comparison of the Cu-Cl distances with those of the CuCls3" ion, having no
bridging equatorial chlorides, but showing similar differences in bond lengths. The back-
donation is thought to be similar to the proposed n bonding with back-donation from
copper to the phosphine oxide in the triphenylphosphine oxide complex mentioned above,

resulting in the linear P-O-Cu arrangement [175].

‘Unlike the structure studied by Bertrand and Kelly, the octahedron of chloride ions

is quite distorted. Although the Cu-Cleq distances are spread over a similar range of
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values (see above), the Cleq-Cu-Cleq angles show a much greater variation than the 118 vo

120° spread observed for the non-origin anion of their structure.

Furthermore, Holt ez al report Cleq0--Cleq angles with values of 90°(+1.02) for
the non-origin polynuclear anion [177]. The oxide in the anion of this study is however
distorted out of the CI(3)-Cl(4)-CI(3A)-Cl(4A) plane towards CI(6), as is indicated by the
Cleq---O-"Cleq angles in the above plane, having values of 85.8°, and the Cl(6)'--0-°-Cleq
angles having values of 92.3 and 93.2°. This distortion could be due to N-H--Cl hydrogen
bonding of only two of the terminal chlorides i.e. CI(1) and its symmetry related partner

CI(1A).

The cation is shown in Figure C2 with bond lengths and angles tabulated in Table
C5. Most bond lengths are within the normal ranges, except for the apparently quite short
N(4)-C(10) and the very short N(4)-C(11) distances. The angles about the N(4) nitrogen
also indicate this amine to be in quite a distorted tetrahedral environment, which is not the

case for the second amine, even though the cation is chemically symmetrical.

The environment about the N(4) amine nitrogen was the one area of concern in the
crystallographic structure refinement. As can be seen from Table C2, the atoms involved
all have very large thermal parameters indicating substantial disorder. This might be due
to the fact that, in contrast to N(1), the nitrogen is not involved in hydrogen bonding and is
therefore not held so rigidly in position. N(1) makes a close contact of 3.166(6) A with
CI(1) in a tetrahedral position, which indicates the existence of N-H--Cl hydrogen
bonding. The N-H--Cl angle is 167.2° which is very close to the distribution peak for
such interactions of about 165°. Other close contacts were observed but these have very

unfavourable angles making any additional hydrogen bonding unlikely.
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c11

ci10

Figure C2 : Pluto representation of the cation [C;;H,,0,N,Cl,]2 * projected down the c axis,
showing the designation of the atoms. For clarity all hydrogen atoms have been omitted.

Table CS : (a) Bond lengths (A) and (b) angles (degrees) with estimated standard deviations in
parentheses for the cation {C,;H,4,0,N,Cl,]? *. The atom numbering relates to Figure C2.

(@ C(1)-N() 1.470( 9) N(4) - C(11) 1.300(22)
C(2) - N(1) 1.498( 9) N(4) - C(10) 1.405(17)
N(1) - C(3) 11.513( 9) C(9) - N(4) 1.466(14)
C(3) - C(4) 1.495(10) C(8) - C(9) 1.442(11)
C(4) - N(2) 1.470( 7) N(3) - C(8) 1.473( 9)
N@2) - C(5) 1.331( 8) C(7) - N(3) 1.306(10)
C(5) - O(1) 1.194( 8) 0(2) - C(7) 1.193(10)
C(5) - C(6) 1.554( 8) C(6) - C(7) 1.563( 9)
CI(7) - C(6) 1.75% 6) C(6) - CI(8) 1.774( 7)

®) C(1)-N(1) - C(2) 110.2( 5) C(10) - N(4) - C(11) 111.1(14)
C(2) - N(1) - C(3) 108.0( 6) C(9) - N(4) - C(10) 113.0(10)
C(1) - N(1) - C(3) 115.6( 5) C(9) - N(4) - C(11) 121.4(11)
N(1) - C(3) - C(4) 115.4( 5) C(8) - C(9) - N(4) 116.7( 7)
C(3) - C(4) - N(2) 115.6(5) N@3) - C(8) - C9) 116.2( 6)
C(4) - N(2) - C(5) 120.7( 5) C(7) - N(3) - C(8) 121.9( 6)
N(2) - C(5) - C(6) 116.1( ) C(6) - C(7) -N(3) 114.9( 5)
N(2) - C(5) - O(1) 126.1( 6) 0(2) - C(7) - N(3) 125.6(7)
o(1) - C(5) - C(6) 117.8( 6) C(6) - C(7) - O(2) 118.9(7)
CI(8) - C(6) - C(5) 104.7( 4) CI(7) - C(6) - C(7) 108.6( 4)
CI(7) - C(6) - C(5) 113.1( 4) CI(8) - C(6) - C(7) 108.1( 4)
CI(7) - C(6) - CI(8) 110.44)  C(5)-C(6) - C(7) 111.8( 5)

The crystal structure of [C;1Hp40,N4Cl5], (Cu 0Cl, () thus consists of discrete.
(CugOClyp)#" ions, each associated with only two independent cations, which are not

further connected by hydrogen bonding to other anions. This is unlike the structures of
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Belford et al and Harlow and Simonsen which consisted of hydrogen bonded networks of
anions and cations. The hydrogen bonding in the formula unit is indicated in Figure C3

and the packing of the ions in the unit cell is shown in Figure C4.

Figure C3 : A formula unit of [C;1H540,N4Cl5]> (Cu40Clyq) with the N-H-«Cl hydrogen bonding
indicated by the broken lines.

An interesting feature of the cation is the displacement of the central methylene
protons by chlorine during synthesis of the crystal. As has been previously observed for
this ligand (see Appendix A), these protons are quite labile because they are situated
between two electron withdrawing amide groups. Any source of positive chlorine could

therefore readily bring about this substitution.
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Figure C4 : Projection down the b axis of [C;H,,0,N,Cl,], (Cu4OCl,() in the unit cell. The broken lines indicate the N-H-Cl hydrogen bonds.




C3. Observed and Calculated Structure Factors for [C11H340,N4Cl,], (Cu,0OCL )
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