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ABSTRACT

The capability of molecular mechanics for modeling the
wide distribution of bond angles and bond lengths characteristic
of coordination complexes was investigated. This was the
preliminary step for future modeling of solvent extraction,.
Several tin-phosphine oxide complexes were selected as the test
group for the desired range of geometry they exhibited as well as
the ligands they contained, which were of interest in connection
with soclvation. A variety of adjustments were made to Allinger’s
MM2 force-field in order to improve its performance in the
treatment of these systems.

A set of unigque force constants was introduced for
those terms representing the metal ligand bond lengths, bond
angles, and, torsion angles. These were significantly smaller than
traditionally used with organic compounds.

The Morse potential energy function was incorporated
for the M-X bond lengths and the cosine harmonic potential energy
function was invoked for the MOP bond angle. These functions were
found to accomodate the wide distributicn of observed values
better than the traditicnal harmonic approximations.

Crystal packing influences on the MOP angle were
explored through the inclusion of the isclated molecule within a
shell containing the nearest neighbors during energy minimization
experiments. This was found to further improve the fit of the MOP

angle.
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I. INTRODUCTION

The group of elements known as heavy metals has
received a great deal of publicity in recent years. Incidents
of mercury and lead poisonings have been splashed all over
headlines and have very dramatically brought to our attention
the toxicity of some heavy metals. The original panic
initiated a large number of studies on the effects of
different exposure levels to various organisms. At this time
it is known that many of these elements are essential at trace

levels in most 1life forms! but the effects of higher

concentrations are still relatively unknown. There is

substantial evidence, however, that some heavy metals are

linked to cancer and some may be neurotoxins?.

The health risks, alone, associated with this group

of compounds have been sufficient to instigate cleanup

measures. Compounded with responsible industrial practices,

economic incentives also exist for metal retrieval. It 1is

becoming increasingly difficult and expensive to simply find



natural sources of these materials. As a result of these
two factors the rate of research in metal reclamation

techniques is growing daily.

A. Solvation and solvent extraction

Adsorption, ion exchange, chemical reduction and
precipitation are techniques which are currently in use for
metal reéovery.3 These methods are somewhat limiting and the
use of solvent extraction is being reinvestigated as a
practical alternative.4:®

Solvent extraction relies on the behavior of a

solute at the interface of two immiscible phases.6

Extraction occurs when the solute crosses the interface and
accumulates preferentially in the extract. An important
factor in determining the efficiency of this transfer is the
affinity of the solute for the extract, another is the
surface area of the interface across which transfer can take
place. By creating the appropriate set of conditions,

solvent extraction can be a reliable and efficient method



for metal recovery.

The efficiency of the solute extraction may be

defined in terms of a distribution coefficient, D°:

D = [Morg] [1]

where [Morgl is the concentration of metal in the organic
phase and [Mzgq] is the concentration of metal in the aqueous
phase.

Application of ligquid-liquid extraction to
recovery of metals from wastewater would require a solvent
which is immiscible with water and in which the metal salt
or complex is more soluble. Organic solvents are quite
often immiscible with water, but the same characteristics
which make them hydrophobic also make them poor solvents
for metal ions. To enhance metal transfer to the organic
medium, the metal may be complexed so that it acquires some
of the characteristics of an organic compound.

Complexation can transform the metal so that it attains



some of the properties of organic solvents such as zero net

charge, low polarity and low polarizability. If the ligands

are selected carefully, the complex can be designed to be

very similar to any solvent. For example:

0
(BuO) 3P0 ||/O—/N/
MO,2* + 2NO,” + 2[(C,H,0) PO} —> /O"" '—'\O
N—O “ OP (BuO) 3
0 o

The complex formed would then be soluble in (C4H90)PO as well

as non-polar organic solvents such as toluene and hexane.
By encapsulating metal cations, in what amounts to an
organic cage, it is possible to apply solvent extraction to
metal recovery.

The use of complexation to enhance solvent
extraction 1s Just one possible application for these

ligands. Another useful application of ligand complexation

is the separation of one metal from a mixture of metals.®

Separation can be attained by complexation via ligands which



interact selectively with one metal from a mixture 1in
solution. These ligands transform one metal more readily,
so that extraction of this cation is facilitated. The
relative distribution of the ions is then altered such that
the organic phase contains a higher concentration of the
targeted metal. Several passes through such a system would
provide greater separation and therefore improve recovery.
There are a wide variety of ligands which may be applied to
separation and some have shown the capacity to recover a
specific metal from fairly complex matrices.

By utilizing the distribution coefficients of the
metals a separation coefficient, K, may be introduced. With
K 1t 1s then possible to quantify the efficiency of

separation:

K = Du [2]
Dy

where Dy and Dy:r are the distribution coefficients of the
metals M and M'.

Currently, phosphine oxides are commercially



available for the selective recovery of some materials. For
example, trioctylphosphine oxide extracts uranium from wet

process phosphoric acid.’ Although other examples of such

systems exist, they are few in number and of limited use.’

Since phosphine oxides lend themselves well to metal extraction
a thorough investigation of this c¢lass of compounds could
provide some very useful complexing ligands.

Exploring different phosphine oxide, metal and
solvent combinations may be done through traditional laboratory
experiments. However, it seems evident that a large number of
such combinations are possible and, therefore, experimental
determination would be inefficient. A less time consuming
method would predict the affinity of a phosphine oxide for a

particular metal and then predict the solubility of the metal

complex 1in various solvents.® These data would then give an
estimate of the distribution coefficient which could in turn be
used to determine which ligands and solvents are worthy of

further investigation.



B. Molecular mechanics

Molecular mechanics (MM)9

may be used to estimate
the distribution coefficient from the energy of the metal
complex and the energy of the solvated complex. Comparison
of the relative energies of wvarious solvent, metal, and,
ligand combinations would allow the elimination of high
energy systems. Laboratory experiments would then be

conducted only on those systems which are energetically

promising.

i. Force field description

Molecular mechanics is an empirical computational
method which treats molecules as a mechanical assembly of
balls and springs. The system is based on Born’s separation
of nuclear and electronic motion, and formally treats only
the nuclei. Hendricksonl®? proposed that the total energy of
the molecule could be separated into a strain free component

and a steric component. It is the steric energy component



upon which molecular mechanics is based.

Etoral = Estrain free + Egteric (3]

The steric energy is broken up into terms which

evaluate the increase in energy as atoms are moved from their

optimal positions. These components evaluate steric energy,

Esteric: @as a function of deviation from optimal bond lengths

(Estretcn), bond angles (Epe-a), torsion angles (Etorgion)., and

Van der Waals separation (E ) . In some cases electrostatic

(Eelec),» and hydrogen bonding (Eyp..g). terms are included as

well as some stretch and angle cross terms.

Esteric = Estretch + Epend + Etorsion + Evow + Eelec + Eunopg  [4]

The separate terms of the egquation have been generated as a

result of the amalgamation of vibraticnal spectroscopy, quantum

mechanics and classical mechanics, such that the sum of the

components is able to predict the change in energy associated

with a change in internal cocrdinates.

The stretch term, Ezryercn, 15 intended to reflect the

increase 1in energy which occurs if a bond is stretched or



compressed from equilibrium. Figure 1 1is an example of a
typical energy curve for a pair of atoms which are moved from
their ideal bond length.

A function which is commonly used to approximate the
experimental behavior is the harmonic function:

Egtretch = 7% k(r-ry)? [5]

where k is the stretching force constant, r is the bond length
and ro is the strain free bond length.

The harmonic function is based on Hooke’s law and
treats bonded atoms as particles bound together by an elastic
spring. With this function there is no differentiation between
compression of a bond and stretching of a bond. This
assumption 1is true only for very small deviations from
equilibrium and when the bond 1length 1lies far from
equilibrium, the harmonic potential fails.

A more realistic representation of Figure i is the

Morse function.9

E = D{expl-(k/2D)%(r-ry)] - 1}2 (6]
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Figure i: Energy of a molecule as a function of bond length.
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where k 1s the stretching force constant, r 1is the bond
length, ros 1is the strain free bond length, and D is the bond
energy. This representation takes anharmonicity into account
but requires extended computation time.

Figure ii illustrates the behavior of the harmonic
and Morse functions as the bond length changes. At a distance
of less than 0.0l1A from the strain-free value the two curves
are neary indistinguishable. However, as the bond length
increases, the cubic curve is considerably steeper than the
Morse curve. Conversely as the bond length is compressed the
Morse curve has a greater slope. Comparison of the two curves
reveals that although both functions are suitable near the
strain-free wvalue the anharmonic behavior of the Morse
function is more accurate away from equilibrium.

A compromise between efficiency and accuracy seems
to be Allinger’'s cubic equation. This function contains an

anharmonic component while at the same time being

computationally efficient.”?

11
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Estreteh = % k[ (r-r) 2+d(r—ro)3] [71]
where k 1is the stretching force constant, r is the bond
length, r, is the strain free bond length, and d is the cubic
stretch constant.

While this function is convenient, care must be
taken that the bond length is not too large as compared to the
equilibrium bond length, (ie r % r,). If this occurs the energy
term continually improves as r approaches infinity and the
molecule "dissociates". Some modeling programs modify Allinger’s
function to overcome this drawback. CHEM3DPlusll adds a fourth
power term whereas BIOGRAF1Z2 changes the sign of the cubic term
such that the energy continually increases with movement from
equilibrium.

The bond angle term, Epeng, evaluates the increase in
energy associlated with movement away from a strain free bond
angle. Here, again, Hookes law is often implemented.

Epeng = % k(0 - 0,) 2 [8]

where k is the bending force constant,® is the bond angle, and 6,

13



is the strain free bond angle.

The harmonic approximation is not always a useful
bond angle term and an alternative was introduced by Allinger.
Allinger’s function makes use of a sixth power term to increase
the energy more sharply when the bond angle is far from the

strain free value.?’

Epeng = %2 k[(8 - 65)2 + d(6 - 6,)°] [9]
where k is the bending force constant,0 is the bond angle, 0, is
the strain free bond angle, and d is the sixth power force
constant.

It is also worthwhile to mention the cosine harmonic
bond angle term. It has been found that a change in energy as a
consequence of a change in bond angle, in some systems, is better
approximated by this function.13

Epend = %C(cos® - cosB,) 2 [10]
where C =(sin?0,)/k, k is the bending force constant and C is a
modified force constant, 6 is the bond angle, and 06, is the

strain free bond angle.

14



Functions which are equivalent to the cosine harmonic

13 These

function are available in a truncated Fourier series.
generalize the periodicity and allow for square planar and
octahedral geometry by considering angles of 90° and 180° to be
equivalent.

Some packages ignore all trans angles in order to
simplify parameterization of certain coordination compounds.
BIOGRAF has a default value, Epepng = 0, if 0 > 135° which, in
effect, eliminates all 180° angles. This approach has been found
to cope well with angles about high coordination number (>4)
metals.l4

The barriers which hinder rotation about a bond are
contained within a torsion angle term in molecular mechanics.
For example Figure 4iii indicates that for butane, there exist
several possible conformations, some of which are more favorable
than others. The lowest energy occurs when the methyl groups are

anti to one another, that is, they are at a torsion angle of

180°., The quantity of energy required for conversion from the

15
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anti isomer to a less favored gauche isomer is represented by a
torsion barrier. The function that best reproduces the energy
surface of the transition between different conformations is a

Fourier series:

p
Eg= X% kg,n(1-dcosng) [11]
n=1
where n=1,2,...,6 and defines the period, d=#1 and is used to
define the location of the maximum or minimum, ke.n is the

rotational energy barrier, and ¢ is the torsion angle.

The van der Waals term, Eypy, 1s required to emulate
the relationship between two bodies which are attracted to one
another at long range and repelled by one another at short
range (Figure 4iv). The function must, therefore contain an
attractive component as well as a repulsive component each of
which dominates at the appropriate distances.

E =E + E [12]

vaw repulsive attractive

The attractive component has been demonstrated to have an r®

14-16

dependence and most force fields incorporate this

17



<K GQXHEZH

VDW DISTANCE

m

Figure iv: Energy of a molecule as a function of the
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relationship into the wvan der Waals function. The repulsive
component is not as well established and several functions are
considered suitable.

The Lennard-Jones potential 1s often found in
molecular mechanics, usually with a repulsive exponent of 12

and an attractive exponent of 6.7

12 6
E . =€&l(r,/r) -2 (r,/r) ] [13]

vdw

where € defines the depth of the potential well, r is the
distance between the atoms and r, 1s the minimum energy
distance.

An alternative which was found to better reproduce

the short range interactions 1is a modified Buckingham

potential function.®
6
E - 8[ 6 eC(l—r/ro) - 6 (ro/r) [14]

where € defines the depth of the potential well, { is a

dimensionless scaling constant, r i1s the distance between the

atoms and ro is the minimum energy distance.

19



The van der Waals term is calculated for atoms
which have a 1,4 separation or greater and are considered to
be non-bonded interactions. The 1,2 and 1,3 contacts are not
included in van der Waals calculations since it is assumed
that Egrretcn incorporates the 1,2 interactions and Epeng the
1,3 interaction. Although 1,4 interactions are included in
the torsion angle term as well, 1t was found that without
both 1,4-terms, the molecular mechanics force fields could

not be made to accurately reproduce the relative energies of

different conformers in a given molecule.’

Minimization

H-
H-

With the wide variety of force fields available it

1s possible to predict the steric energy for a large number of

compounds . However, in order for molecular mechanics to be

useful, the technique must provide the lowest energy geometries,

as well as calculate the energy of those geometries. Finding

the lowest energy isomer or conformer requires finding the

20



global minimum of the potential energy surface.

One method to locate an energy minimum involves
using the first derivative?. A second method involves both the
first derivative of the potential energy surface, as well as the
second derivative.? It 1is important to note, however, that
regardless of how efficient these methods are at finding the
minima, local minima only are found. There is no direct method
for finding the global minimum and care must be taken that
structures which lie at local minima are not mistaken for the
lowest energy configuration. The minimum located is usually the
one closest to the starting point, rather than the global
minimum.

The first derivative method is known as the method of
steepest descents (Figure v). This method systematically changes

the starting coordinates, (xo,yo,zo), of each atom by a pre-set

distance (normally 0.0014) to a new set of coordinates,

(x,v,,27) . The energy of the second coordinate set is compared

to the original. All coordinate changes which increase the

21
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steric energy of the molecule are discarded. The coordinates
which decrease the total energy are then used as the starting
point for the next set of trials. In order to reach the minimum
at a faster rate, the slopes of the potential energy at the
initial and trial coordinates are compared. The slope with the
steepest gradient is chosen as the path to the minimum. The
process 1s repeated until the slope reaches some pre-set limit
such as 0.1 kcal/molA.
The second derivative method 1is known as the

Newton-Raphson method and utilizes the function:

X, = xo - £7(xg) [15]

To find x; the slope of the potential energy surface is

evaluated to give f’(xo). Figure vi depicts the process. The
tangent of f’(x) intersects the x-axis at %, . This value of
X4 is then substituted for X, in equation 15 and the

differentiation process is repeated. When the tangent to the

first derivative intersects both the x axis and the first

[Se]
W



1 e form of

the potential
energy surface

, £{(X) =potential energy curve

2 e derivative
of the surface

/
/
/ -
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A J £7 (xX) =slope of the potential energy
/ curve
l/. )
/
oy 7 - x
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N/

3 ¢ finding x4
using the
tangent @ xg

R (%) = tangent to the slope

of the potential energy surface

4.

X2

using x; to find

fn (Xl)

Figure vi: Newton-Raphson method for locating potential energy minima.
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derivative at the same point the 1local extreme has been

located.

Each of the two methods  Thas advantages and

drawbacks. The method of steepest descents works quickly at

steep gradients, far from the minimum, but is slow near the

minimum. Conversely, the Newton-Raphson method works well

near the minimum but less so, far from the minimum, It is

possible to use a combination of the two methods outlined, or

select one or the other, depending on the confidence of the

starting structure and hardware restrictions.

C. Metal complexesof phosphine oxide

The ultimate goal of modeling metal-phosphine oxide

complexes 1s to establish a set of parameters which could

perform with any given phosphine oxide complex. However,

building such a force-field is a stepwise process and a

starting point must be selected. A practical starting point

would be to accumulate a set of compounds which are large

25



enough in number to test accuracy and transferability while at
the same time being manageable. The group of compounds chosen
to represent metal phosphine oxides was a set of tin
bis-triphenylphosphine oxide complexes, each containing a
variable number of ethyl and halogen groups.

Initially four chlorine containing structures were
obtained: trans-SnClyEt; (tppo),t7, cis-SnClyEt; (tppo) 5t
trans—SnCl3Et(tppo)218, and cis—SnCl4(tppo)219. The two
SnClyEts (tppo) o molecules were dismissed after closer
inspection due to a significant number of errors in the crystal
coordinates provided. Figures wvii and wviii provide the
structure of the chloro-tin-phosphine oxide complexes as well
as their nomenclature.

Similarly, three bromine containing structures were
obtained. Trans—SnBrgEtg(tppo)220 was later omitted from some
experiments due to difficulties which were encountered in

creating the extended crystal structures. The two molecules,

trans-SnBriEt (tppo),2l and trans-SnBry(tppo),?? were, however,

26
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maintained throughout the experiments. All three molecules are
illustrated in Figures ix - xi.
The three iodide derivatives obtained were all usable

and were therefore included in the experiments. The compounds
were: trans-SnI,Et; (tppo),23 trans-SnI3Et (tppo) 24 and

cis—SnI4(tppo)225 and they can be seen in Figures xii- xiv.
Table I shows some of the parameters of these

compounds which are expected to introduce difficulties in the

Molecule R Sn-X Sn-0O-P Reference
2.487A
trans-Cl3Et (tppo) 5 0.063] 2.498A 148.3° 18
2.360A 158.3°
) 2.386A
cis-Cl,Et (tppo) 0.027] 2.3904 157.2° 19
2.379A 157.2°
2.387A
trans-SnBr3Et (tppo), 2.654A 155.2°
0.091] 2.6524 [ {55 30 21
2.5044A :
trans-SnBry (tppo) 5 2. 5111% 160.1°
2.584 22
0.049 S ET6h 151.7°
2.558A
trans-SnI;Et, (tppo) .10
e 2 2.9164 | 201 -
0.0531 3.1274 167.2°
- 2.895A
trans-SnI3Et (tppo) 5 0051l 2.9574 155.6°
2.7234 | 159.2° 24
cis-SnIg(tppo), 0.050| 2:835% | 153,00
5 6544 161.4° 25
2.951A

Table I: Bond lengths and angles.

28



Figure ix: SmBraEt,(tppo)i Figure x: SnBr3Et(tppo)s Figure xi: SnBrg(tppeo):z



0t

Figure xil: SnIsEt,(tppo),

Figure xiii: SnI3Et(tppo)}:

Figure xiv: SnIg(tppo);



parameterization. The R-factor is also included to provide
an indication of the precision of the crystal coordinates. It
is anticipated that the wide distribution of these bond
lengths and angles will prove problematic. For example, the
Sn-Cl bond lengths vary from 2.360 A to 2.498 A. For this
0.138 A spread only one strain-free value can be substituted
into the stretch term. Similarly the Sn-O-P angles are
expected to present even greater difficulties since these
values vary by as much as 19° and, again, only one strain
free value is contained in the bond angle term.

In order to apply molecular mechanics, generally an

organic chemist’s tool, to these coordination complexes the

range of options available with the software package must be

explored. Various force constants, analytic potential

functions and crystal packing arrangements are available

which can be combined to expand the scope of molecular

mechanics to include inorganic compounds.2® By incorporating

these options, treatment of metal-phosphine oxide complexes

31



can provide results comparable to those achieved 1in the

analysis of the traditional organic molecules.

32



II. EXPERIMENTAL
A. Compounds
Initially a suitable group of compounds on which to

conduct preliminary calculations was selected. This was done

through the Cambridge Crystallographic Database27, which
provided a list of all structures containing a
metal -oxygen-phosphorus group. From this 1list a class of
compounds which contained: tin, triphenylphosphine-oxide, and
various halogens was selected based on the total number of
compounds available, and the presence of the desired
functional groups.

Molecular mechanics calculations were conducted with
the BIOGFRAF computational package from Molecular Simulations

d28,29

Incorporated.12 Allinger’s MM2 forcefiel was used as the

default for energy calculations.

. ; 27 .
The Cambridge Crystallographic Database supplied
not only the names and bibliographic information of the

necessary compounds, but also their crystal coordinates and

33



accompanying symmetry information. This data was downloaded

directly into text files and edited to provide files

compatible with the software format.

B. Parameterization

Parameterization was essentially a four step process

the complexity of which increased as was required to improve

the fit. The four steps were:

i. use of all parameters available with BIOGRAF and

estimation of missing parameters

ii. optimize the new parameters

iii. survey possible analytic functions

iv. explore the effects of crystal packing

i. BIOGRAF parameters and estimation of missing

parameters

Parameters provided with the force field were

retained without change. All functions for stretch, bend,

torsional and non-bonded interactions initially used were the

34



default provided with the MM2 force field.

Missing strain free bond lengths for Sn-0O and Sn-X
were initially selected as the minimum value of all equivalent
observed bond lengths when harmonic functions were utilized.
With anharmonic functions the median value of the set was
used. A similar process was repeated for the missing bond
angles. Missing stretch and bend force constants were
tentatively selected by assuming transferability from similar
compdunds. Missing tin halogen and tin oxygen stretch
constants were transferred from the corresponding carbon bond
lengths. Missing XSnX bending force constants were set at
values similar to constants for existing 90° bond angles.
The SnOP bending force constant was set at an arbitrarily low
value. In some cases the choice of force constants was
substantiated using vibrational spectra of hexahalostannates.

The torsional parameters which involved tin were set

to approximately zero as 1is common practice for octahedrally

coordinated metals.>’ BIOGRAF does not allow a value of zero
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for the torsion term, so in most cases the closest possible
number was selected, 0.001. In some instances a value of 0.1
was used in combination with a six-fold barrier. This was
done to provide the correct number of minima while at the same
time maintaining a low energy barrier for motion between

configurations.

ii. Optimization

The starting set of parameters were tested by
conducting an energy ninimization. The geometry of the
observed structure and the minimized structureiwere compared.
Any bond lengths, angles and torgions which were not
satisfactorily matched had their parameters adjusted to
improve the fit, This process was repeated until no further

improvement was observed.

iii. The analytic functions

When it was found that the normal MM2 force field
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functions failed to duplicate the geometry, alternative
functions available with the software were considered. A
cosine harmonic function was found more suitable for the SnOP
bond angle term and a Morse function was used for the tin to
halogen stretch terms. Tables II,III and IV list all of the
parameters used for the final calculations. Those parameters

not included in Allinger’s set are highlighted.

iv. Crystal packing

The effect of a "solid" environment, rather than the
traditional "gas" system, was explored. That is, the isolated
molecule was packed with its nearest neighbors, as would be
observed in the crystal structure.

Surrounding the central molecules initially involved
obtaining the nearest neighbors. The X-ray coordinates as
received from the Cambridge Crystallographic Database were
used to plot the core molecule. The space group was then used

to find the symmetry operations which would generate all other
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BONDS TYPE Ky ro D or d
C_3 -H_C cubic 661.8438 1.1130 -2.0
c_3 -c.3 cubic 633.072 1.5230 -2.0
C_2R -H_C cubic 661.848 1.1010 -2.0
C_2R -C_3 cubic 633.072 1.4970 -2.0
C_2R -C_2R cubic 450.0 1.3 -2.0
P_3 -0_2+ cubic 200.0 1.495 -2.0
P_3 -C_2R cubic 460.0 1.775 -2.0
Sn -C_3 cubic 306 2.149 -2.0
Sn -Cl Morse 10 2.55 77.0
Sn ~-Br Morse 15 2.67 65.0
Sn -I_ Morse 15 2.90 50.0
Sn -0_2+ cubic 145 2.16 -2.0

Table II: Analytic functions and parameters used for
bond stretching:

Ky is in kcal/molA2, r, is in A, D is in kcal/mol and
d is in kcal/molA

Bold type signifies parameters not included with MM2 forcefield
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ANGLE TYPE Kg 0o

H_C -C_3 -H__C| sextic 46.0 109.4
C_3 -C_3 -H_C| sextic 51.8 109.4
Cl -Sn -H__C| sextic 72.0 90.0
Ccl -Sn -D__C/| sextic 72.0 90.0
Cl -Sn -F_ sextic 72.0 90.0
I_ -Sn -I_ sextic 57.6 90.0
Br -Sn -Br sextic 57.6 90.0
C3 -Sn -C_3 sextic 19.0 90.0
0O_2+ -Sn -0_2+ | sextic 72.0 90.0
0_2+ -Sn -Cl sextic 72.0 90.0
0_2+ -Sn -Br sextic 72.0 90.0
0_2+ -Sn -I_ sextic 72.0 90.0
0_2+ -Sn -C_3 sextic 72.0 90.0
C_3 -Sn -Br sextic 72.0 90.0
C3 -Sn -Cl sextic 72.0 90.0
C_3 -Sn -I_ sextic 72.0 90.0
Cl -Sn -Cl1 sextic 57.6 90.0
Ccl -Sn -Cl sextic 57.6 90.0
H_C -C_3 -Sn sextic 72.0 109.0
C_3 -C_3 -8n sextic 37.0 109.0
Sn -0_2+ -P_3 cos harm| 37.0 140.0
O_2+ -P_3 -C_2R| sextic 65.0 109.0
C_2R -C_2R -C_2R| sextic 62.0 120.0
P_3 -C_2R -H_ C| sextic 52.0 120.0
P_3 -C_2R -C_2R| sextic 52.0 120.0
C_2R -P_3 -C_2R| sextic 57.0 109.0
C_2R -C_2R -H_ C| sextic 52.0 120.0

Table III: Analytic functions and parameters used for
bond angle bending.

Kg is in kcal/molrad? and 6, is in degrees.

The sixth power term is 0.754337 rad %

Bold type signifies parameters not included with MM2 forcefield
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Torsion Kon
H_C-C3 -C3 -H_C 0.237 3 -1
H_C -C_2R -C_2R -H__C 10.000 2 1
C_2R -C_2R -C_2R -H__C -1.060 3 1
9.000 2 1
C_2R -C_2R -C_2R -C_2R 8.000 2 1
-0.93 1 1
P 3 -C_2R -C_2R -H_C 16.250 2 1
P_3 -C_2R -C_2R -C_2R 16.250 2 1
C_2R -P_3 -C_2R -C_2R 0.3300 2 1
C_2R -P_3 -C_2R -H_C 0.3300 2 1
cC3 -C3 -Sn -0_2+ 0.0100 4 1
cC3 -C3 -8n -Br 0.0100 4 1
cC3 -C3 -Sn -I_ 0.0100 4 1
cC3 -C3 -Sn -Cl1 0.0100 4 1
c3 -C3 -Sn -C_3 0.0100 4 1
I_ -Sn -0_2+ -P_3 0.1000 6 -1
Ccl -Sn -0_2+ -P_3 0.1000 6 -1
Br -Sn -0_2+ -P_3 0.1000 6 -1
O_2+ -Sn -0_2+ -P_3 0.1000 6 -1
C_3 -Sn -0_2+ -P_3 0.1000 6 -1
H C -C_3 -C_3 -Sn 0.0010 3 1
Sn -0_2+ -P_3 -C_2R 0.0010 3 1
O0_2+ -P_3 -C_2R -C_2R 0.0010 3 1
c3 -C3 -8Sn -H_C 0.0010 6 1
H_C -C_3 -Sn -0_2+ 0.0010 6 1
H _C-C_3 -Sn -C_3 0.0010 6 1
H_C -C_3 -Sn -Cl 0.0010 6 1
H C -C_3 -Sn -Br 0.0010 6 1
H C -C_3 -Sn -I_ 0.0010 6 1
0 2+ -P_.3 -C 2R -H_C 0.0010 3 1

Table IV: Analytic functions and parameters used for Torsion angles.
is in kcal/mol. Bold type signifies parameter not included with MM2

ken
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molecules in the unit cell. Finally the wunit cell was

replicated in #x,+y and *z direction. This produced a large

number of surrounding molecules, (approximately 60), of which

all but the 20 closest were eliminated. These were 7A to 18A

from the core. After wvisual inspection, all molecules not

part of the first shell were eliminated. This provided a

central core with the desired sized shell about it containing

between 12 and 16 neighbors. Figure xv depicts the wvarious

layers for SnBry(tppo);. The layer in the plane of the core

molecule is shown, as well as the layers above and below the

core. Figures xvi to xxii depict the configuration of the

packing for all the structures analyzed. Energy and geometric

information relating to the central molecule was retrieved by

simply removing the outer shell and conducting an energy and

geometric analysis of the isolated molecule.

The criteria chosen to evaluate the parameters was

based on the correlation of geometry between the starting

structures and the minimized structures. If the bond lengths,

bond angles and torsion angles of the minimized structure fell
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Figure xvi:Crystal packed SnCl3Et(tppo),
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Figure xxii:Crystal packed SnI tppo)gz
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within a suitable margin of error, the parameters were

considered satisfactory. It would have been preferable to

also have energy information for comparison but this was not

available to us.
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IIT. RESULTS AND DISCUSSION
A. MM and the MOP bond angle
i. Description of the P-0 bond

In the attempt to model phosphine oxides with
molecular mechanics the metal-oxygen-phosphorus (MOP) bond
angle has proved to be the most difficult parameter to
reproduce. This difficulty is partially due to the fact that
the nature of the oxygen-phosphorus bond has not yet been
clearly defined. It has been proposed that M-0O-P, M-0=P, and
M-O=P bonding is possible. If bonding were M-O-P an MOP bond
angle of 109° would be expected. If bonding were M-O=P an MOP
bond angle of 120° would be expected and if the O to P bond
were considered a triple bond an angle of 180° would be
expected.

Experimentally, the MOP angle varies from 130° to
180°. These data were obtained from a search of the Cambridge
Crystallographic Database,?’ and are presented in Figure

xxiii. No conclusions about the bonding type can be made from
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Figure xxiii: Distribution of the MOP angle for a group of

triphenylphosphineoxide and trialkylphosphineoxide

metal complexes.

52



this information aside from recognizing the fact that Lewis

structures are unequipped to handle these systems. The P-0

bond lengths were similarly analyzed with the expectation of

finding the O-P bond lengths clustered about wvalues which

were near to long O-P values, median O=P values or short O=P

values. There was no evident clustering to suggest the type

of bonding between the oxygen and phosphorus.

Many experiments have been performed to try and

determine the bonding type and many solutions have been

31-34 In general, it has been agreed that a

proposed.
combination of sigma and pi bonding occurs.

The origin of the sigma bonding has Dbeen
established as oxygen p-orbitals interacting with phosphorus

p-orbitals. Presumably the lone pair on the PR3y group is

donating to an empty oxygen orbital.

C::D.

Oxygen Phosphorus

The outer shell s orbital of oxygen is filled and the
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remaining oxygen p orbitals are thought to interact with the
phosphorus through M interactions.

The origin of the T bonding has proved to be more
controversial than the ¢ interactions. It has been speculated

that there is back donation of two electron pairs of oxygen

into phosphorus 3d orbitals.?®

Oxygen phosphorus oxygen phosphorus

bz dxz

This description readily fits the triple bond assumption. The

variation in bond angle also follows, since this type of

bonding has poor overlap,35 and, therefore, lends itself well
to an assumption of flexibility about the bond.

36

Arguments in the literature that the 3d orbitals
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of phosphorus are too diffuse to interact have been countered
with suggestions that electronegative substituents on
phosphorus are able to contract the 3d orbitals.37 This
allows the d orbitals to participate in overlap with the 2p
orbitals of oxygen and therefore increase the O-P bond order.
In the last few years many papers have emerged
which attempt to omit the phosphorus 3d orbitals
entirely.38,39 A popular idea is that anti-bonding PR3
molecular orbitals are being utilized as mw-electron density

38 The phosphorus acceptor molecular orbital is then

acceptors.
considered to be almost completely p-orbital in character.
Other studies also suggest the role of 3d orbitals is

negligible, with molecular orbitals of only 13%-15%

37

d-character. This small contribution has been attributed to

shaping the p-orbitals so that they are better able to overlap

ligand bonding orbitals.39

Despite all of the speculation and the different

approaches taken to P-O bond examination, a clear description
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of the interactions involved has vet to be established.
ii. Harmonic vs Anharmonic Treatment of the MOP bond angle
If the MOP bond angle was simply assumed to be very
flexible, then it follows that electronic and steric properties
of nearby groups could easily influence the bond angle. That
is, if a low energy barrier is assumed for movement about an
equilibrium angle, the variation in the bond angle could be
partially explained. There are several options in the
molecular mechanics approximation for parameterization of
flexibility. One method involves a very low force constant
with the MM2 function. Another method wvaries the actual
analytic expression for energy as a function of bond angle.
Initially, various force constants were set with the
MM2 function. It was found that decreasing the force constant,

k@, to an unusually low value provided satisfactory results.
From Table V it can be see that at kg= 10 kcal/molrad? the MOP
angles are larger than when kg = 30 kcal/molrad?. With the

smaller force constant the angles are also spread farther
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COMPOUND OBSERVED VALUE Mbng CMIZATION l}g; izanion
k=30, B6,=140° k=10, 0,=140°

SnoP; g SnoP, SnOP4 E SnoP2 SnOP; gSnOPz
SnBryEt; (tppo) 4 157.8 é 157.9 152.7 % 154.0 157.6 % 160.7
SnBraEt (£ppo) 155.3 §158.4 152.2 %152.3 157.1 %160.0
SnBry (tppo) , 160.2 % 151.8 152.6 % 150.8 | 159.1 g 156.7
SnIzEty(tppo), | 150.1 é 167.2 149.5 % 152.4 154.0 g 163.2
SnI3Et (tppo), | 155.7 é 159.3 155.7 g 155.6 160.6 g 159.0
SnI,(tppo), 152.0 g 161.5 152.6 g 155.4 158.3 é 164.7

Table Vv: Comparison of different constants for the MM2 angle terms.

Angles in degrees.

Constants in (kcal/mol) /rad?
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apart, even within the same molecule. For example with

SnIu(tppo) the MOP angles move from 152.6° and 155.4° to

158.3 and 164.7° as the force constant is decreased. These

values compare favorably with the experimental spread of 8.5°

(Table V). Although the angles were reproduced better than

expected with this approach, inconsistencies still existed

and it was suspected that these could be further reduced.

The bond angle functions available were reviewed

(equations 5 to 7) and it was concluded that the cosine

harmonic function would be suitable due to its non-extreme

behavior away from equilibrium. Comparison of the MM2

function and the cosine harmonic function curves (Figure

xxiv) indicates that, near the equilibrium wvalue, there is

little difference in the behavior of the two. However, at

angles which are much larger than the equilibrium wvalue, the

two curves diverge and the MM2 function term  has

significantly higher energy than the cosine harmonic.

Since the metal-phosphine oxide complexes

generally have MOP angles which may vary by as much as 50°
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COMPARISON OF COSINE HARMONIC AND MM2 ANGLE TERMS

-2 cosine harmonic — MM2
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Figure xxiv: Comparison of the MM2 and cosine harmonic curves.

0,=140° and k=37 kcal/molrad? for MM2 curve
and k=37 kcal/mol for the cosine harmonic curve
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from one molecule to another and almost 20° within a
molecule a large energy component for these angles would
not be expected. This suggests that the cosine harmonic
function more accurately represents the MOP angle bending
since it does not have an unsuitable increase in energy as
the angle moves from equilibrium. The change in energy 1is
approximately 2.5 kcal/mol over 30° for the cosine harmonic
function compared to 5.5 kcal/mol for the MM2 function.

A comparison of the two functions in terms of the
MOP angle can be seen in Table VI. From this Table it
would seem that the cosine harmonic term is best able to
replicate the disparity of the angles. The MM2 force field
tends to keep the angles close to one another at a wvalue
similar to that set in the parameters. This is evident
from the clustering of the angles around 150°. Clustering
does not occur when the harmonic function is wused where

angles are seen from 150° for SnIgEt2(tppo)2 to 166° for

Snly(tppo) . The cosine harmonic function also allows a

10° difference between bonds of the same molecule, as in
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COMPOUND OBSERVED VALUE COSINE HARMONIC MM2
MINIMIZATION MINIMIZATION

K=37 $nop; | SnOP, SnoP; | SnOP; SnoOP, { sn0P,

0,=140° : : i
SnBraEta(tppo); [157.8 1§ 157.9 | 153.9 1§ 157.4 | 151.4 §152.1
SnBr3Et(tppo), |155.3 §158.4 155.0 1} 158.0 151.1 i 151.2
SnBry (tppo) ; 160.2 {151.8 155.4 | 152.2 151.3 | 149.6
SnIzEty(tppo), |[150.1 §167.2 150.6 | 160.7 148.6 | 150.8
SnI3Et (tppo)y [155.7 1159.3 159.4 i 160.1 151.8 $151.1
SnIg4(tppo), 152.0 {161.5 155.1 & 166.7 | 151.0 P 153.3

Table VI: Comparison MM2 and cosine harmonic angle

terms for SnXyR;(tppo):

Angles in degrees.

Constants in (kcal/mol)/rad’for the MM2

function and in kcal/mol for the cosine harmonic function.
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SnIy(tppo)s.

It is possible to conclude from this information

that the cosine harmonic function approximates the energy

curve of the MOP angle more closely than does the sextic MM2

function as the angle is moved away from the equilibrium

value.

iii. Crystal packing forces

Knowing the exact nature of the O-P bond would help

in modeling the structures involved, but this information is

not essential. It can be assumed that there does exist a

natural value for the MOP angle but that the angle is easily

influenced to move from that value. Isolating the

interactions responsible for shifting the angle would be

useful in determining the capacity of molecular mechanics to

duplicate the trend. Crystal packing, van der Waals forces,

and the nature of the non-phosphine-oxide ligands may all

play important roles in determining which MOP angle exists

and are phenomena which may be simulated with molecular
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mechanics.

Crystal packing was considered an influence on the
MOP bond angle. A large variation in this angle is evident
even within structures which appear to contain two equivalent
phosphine oxide groups. For example, SnBry(tppo)s would be
expected to contain two similar SnOP bond angles since both
phosphine oxide ligands appear to have identical

environments.

151
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The observed MOP angles are, however, 151° and 160°. The

cosine harmonic function was only able to account for 3.2° of

the disparity for this molecule. The remaining difference

might then be explained by assuming that intermolecular

forces are involved. Therefore information about the manner

in which molecules assemble with respect to one another in a

crystal is needed to test this hypothesis. This information

is available from crystallographic data. Using BIOGRAF it is

possible to use crystallographic coordinates and space groups

to generate the molecules arranged as they would be found in

the crystal. By surrounding a central molecule with its

nearest neighbors and its next nearest neighbors, it may be

possible to recreate the sequence of molecular interactions

which lead to crystallization. The central molecule is then

surrounded approximately as it would be in the crystal and

the geometry of the complex is under the influence of the

surrounding particles.

To verify that the first shell contained the most

important interactions, a comparison between surrounding the
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central molecule with one shell or two shells was made.

Addition of the second shell slowed <calculation down

considerably and did not seem to improve the fit of the MOP

angle. It appears therefore that the first shell contains

the most important interactions with respect to the MOP

angle.

By comparison of geometry after energy

calculations of molecules in the "gas" phase and the "solid"

phase, some insight may be gained into the extension of

molecular mechanics to crystal packing interactions (Table

VII).

Minimization of the cluster quite clearly

reproduces the SnOP angles more accurately. This 1is

especially true for the trans isomers which should have

equivalent intramolecular interactions for both the MOP

angles. For the trans-SnBry(tppo),; molecule the error of the

SnOP bond angles of the minimized structures without the

shell are 4.4° and 8.3°, Surrounding the central molecule
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Compound Observed value Minimized Minimized
Single molecule | Core molecule
K=37 kcal/mol SnOP; | SnoP; Snop; | SnoP; | SnoP; | Snop,
0,=140° 5 ; ;
trans 151.8 1§ 160.5 155.4 | 152.2 | 151.8 1§ 159.3
SnBry, (tppo) 5 : i :
trans 148.3 | 158.3 151.2 | 153.0 | 149.3 } 157.0
SnCl3Et (tppo) 4 ' : :
cis 157.2 | 157.2 152.0 | 152.0 | 152.0 | 152.0
SnCl4 (tppo) , B ' I ’ o '
cis : ; :
152. : . 155.2 . .3 .
ST, (tppo), 52.0 E 163.7 E 166.7 154.3 E 164.4

Table VII: The SnOP angle as minimized with and without neighbours.
Cis/trans designation refers to triphenylphosphine oxide groups.
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improves the error to just greater than 1° in the worst case.

This is a significant improvement in the angle. From Table

VII it 1is also evident that the c¢is isomers seem less

susceptible to crystal packing forces than are the trans

isomers. For cis-SnI,(tppo); the average error of the single

molecule 1is 3° whereas the average error of the packed

molecule is 1.5°9,

Although minimization of the cis isomers with the

shell around the central molecule does improve the MOP angle

somewhat, the difference is not as pronounced as with the

trans isomers. This difference in packing dependence

suggests one reason for the variation in SnOP angles in these

compounds. With both isomers it seems that the phenyl groups

of the triphenylphosphine oxides interact with one another

and these interactions are quite influential in determining

the SnOP bond angles that form. Based on the dependence of

SnOP on crystal packing it can be said that the phenyl groups

of trans isomers interact with intermolecular phenyl groups
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strongly, whereas for the cis isomers the tppo ligands tend

to interact with intramolecular phenyl groups. It seems the

cis configuration places these groups within a radius which

facilitates intramolecular involvement, more so than the

trans isomer. This can be seen quite clearly in Figures

vii-xiv.

For cis-SnCly(tppo), molecular mechanics could not

duplicate the SnOP angle regardless of the packing

attempted. This may signify that the forces which influence

the bond angle so that it is 157.2° are electronic in nature

or, may simply be a result of a function which is not

properly representative of the energy interactions.

Since crystal packing of the triphenylphosphine

oxides improved the overall accuracy of the SnOP bond angle

fit it was decided to conduct all remaining experiments

under crystal packed conditions.
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B. MM and the Sn-halogen bond lengths

Initial molecular mechanics minimization with

standard parameters revealed that, in general, the

experimental values for tin halogen bond lengths (Table VIII)

could not be consistently reproduced. Two approaches were

taken in order to optimize the molecular mechanics results.

The first method varied the constants of Allinger’s cubic

function, k and d.

E =%k [(r-ry)? + d(r-ry) 3] [7]

The cubic term in this function allows for

anharmonicity, and follows from the concept that it is more

difficult to compress a bond than to stretch it from the

equilibrium value. By making use of k and d, an attempt was

made to produce a curve with a fairly gradual slope and a wide

range of low energy as r moved form r, (Figure xxv). It was

hoped that this would allow the tin halogen distance to fall

near the experimental value without a high cost in energy.

From Table IX it can be seen that even with a low

force constant it was not possible to fit the observed values
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COMPOUND Sn-C11 Sn-C12 Sn-C13 Sn-Cl4
trans-Cl3Et (tppo) 2.487 2.498 2.360
cis-SnCl, (tppo), 2.386 2.390 2.379 2.387
Sn-Brl Sn-Br2 Sn-Br3 Sn-Br4
trans-SnBriEt (tppo), 2.654 2.652 2.504
trans-SnBry (tppo), 2.511 2.584 2.576 2.558
Sn-I1 Sn-I2 Sn-I3 Sn-I4
trans-SnIzEta(tppo), 2.916 3.127
trans-SnI3Et (tppo), 2.895 2.957 2.723
cj‘_s_SnI4(tppo)2 2.835 2.712 2.654 2.951

Table VIII: Experimental tin-halogen bond lengths.

Tin halogen bond lengths, in angstroms.
Cis/trans designation for the compound name refers to tppo groups.
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SOURCE k Dor d Sn-Cl1 Sn-Cl2 Sn-C13

OBSERVED 2.487A | 2.498A 2.360A

MORSE

FUNCTION 5 80 2.370A | 2.500A 2.368A
15 77 2.4594 | 2.512A 2.3724
100 0.5 2.399A | 2.407A 2.398A
1000 0.1 2.399A [ 2.971A 2.459A

CUBIC 10 -2 2.467A | 2.507A 2.379A

FUNCTION
320 -2 2.400A | 2.403A 2.400A
320 -5.5 2.400A| 2.403A 2.399A
500 -5.5 2.400A| 2.400A 2.399A
1200 -5.5 2.400A| 2.400A 2.400A

Table IX: Comparison of the Morse and cubic functions for the
trans-SnCl3Et (tppo), molecule.

ro=2.40A, k is in kcal/molA2, D is in kcal/mol and d is in kcal/molA
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accurately. The low force constant introduced difficulties
with respect to the nature of the cubic curve. From Figure
xxv it can be seen that, if a bond length is greater than a
critical value, r., the molecule would fly apart, since the
energy continually improves as the bond length increases.
With a low k wvalue it is considerably easier to reach r. and
subsequently dissociate the molecule. Although BIOGRAF has
compensated for long bond lengths by changing the sign of the
cubic term, the behavior of the this curve past r. does not
correlate with the observed behavior nor does it match other
popular functions. In order to reduce the risk of
overstepping r., many d values were tried in combination with
several k values. By changing the value of d and k it was
possible to modify the bond distance at which the maximum
occurred as well as the height of the maximum. Although
altering d changed the location of the maximum, the fit of
the Sn-X was not improved.

Another option available with BIOGRAF is the use of

a Morse potential (eqg 6) to calculate bond energy. Since
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this function mimics the behavior of a real bond more closely

than does the MM2 function several analyses were conducted.

E = D{expl-(k/2D)"%(r-ry)] - 1}2 [6]
In this case D represents the dissociation energy and k is
again the force constant (Figure xxvi). Since the dissociation
energies of tin-halogen bonds are known, these wvalues can be
used as starting points for D. We are left with modifying k,
which is again assumed to be low as a consequence of a
flexible bond. The use of the Morse function did improve the
accuracy of the results somewhat, however, more importantly,
trends in the differences in bond length were slightly better
reproduced with the Morse function. It can be see from Tables
X and XI that for the three SnX3Et (tppo)y groups, the Sn-X3
bond length was approximately 0.01A shorter when the Morse
function was wused than when the cubic function was wused.
Although the accuracy is not markedly increased with the Morse
function it was thought worth while to maintain this term for

what improvement it could afford and the assurance of a well
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S L

i Sn-X1 Sn-X2 - Sn-X4
COMPO cub}c Sn-X3
UNE variables
K=10kcal/molA?
trans-Cl3Et (tppo) 2 ro=2.55A 2.467 2.507 2.379
d=-2kcal /molA
cig-SnCly (tppo) 2.412 2.450 2.411 2.451
K=15kcal/molA?
trans-SnBriEt (tppo), ro=2.67A 2.666 2.629 2.585
d=-2kcal/molA
trans-SnBry (tppo), 2.600 2.530 2.488 2.587
t SnI,Et,(tppo), |- o oot/ ) s 3.268
rans-SnIzEt; (tppo), ro=2.90A . .
d=-2kcal/molA
trans-SnI3Et (tppo), 2.830 2.967 2.817
cis-SnIy(tppo), 2.917 2.844 2.827 2.857

Table X: Tin halogen bond lengths,
the cubic stretching function.

(A), obtained by minimization with




9 L

COMPOUND mor;e Sn-X1 Sn-X2 Sn-X3 Sn-X4

variables
K=10kcal/molA 3

trans-Cl;Et (tppo), ro=2.55A 2.459 2.512 2.372
D=77kcal/mol

cis-SnCl, (tppo) 2 2.346 2.411 2.420 2.511
K=15kcal/molA3

trans-SnBriEt (tppo) , ro=2.674 2.668 2.624 2.573
D=65kcal/mol

trans-SnBry4 (tppo), 2.607 2.489 2.461 2.593
K=15kcal/molA3 5 849 3 034

trans-SnIEt; (tppo), ro=2.90A . .
D=50kcal/mol

trans-SnI3Et (tppo), 2.826 2.947 2.794

cis-SnI4(tppo), 2.909 2.834 2.815 2.845

Table XI: Tin halogen bond lengths,

with the Morse stretching function.

(A), obtained by minimization




behaved curve at all values of r.

From Tables X and XI it can also be seen that fairly
low stretching constants were used for the tin halogen bonds.
In order to substantiate these 1low values some rough

calculations were conducted. Vibrational spectra of

octahedrally coordinated tin were found.%% The two modes
associated with stretch motion from the spectra of [SnClg]?2-.
[SnBrgl?2-+ and [SnIg]?- were isolated. These modes were assumed
to be independent of any other vibrational motion. That 1is,
since the O-H stretch in complex hydroxy containing molecules
and in the hydroxy radical occur at a similar frequency similar
circumstances were predicted for tin complexes. Thus a simple
calculation was possible using equation [17].

k=(2wcv) 21 [17]

where c=3X108m/s, vV is the wave number in cm ! and u is the
reduced mass. The result of these calculations can be seen in
Table XII.

The constants thus generated for tin-chlorine,
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tin-bromine, and tin-iodine were of the same order of
magnitude as those approximated for the molecular mechanics
energy experiments. Although the two sets of stretch
constants are not identical, they are similar enough to
justify the use of stretching constants which are very small,
that is, less than a tenth of the wvalue typical for C-C bonds
(Table II).

After many unsuccessful attempts at consistently
reprodﬁcing the Sn-X bond lengths some experiments were done
to test the magnitude of the steric influence on these bonds.
SnCl3Et (tppo)y was chosen as a test molecule in a set of

experiments which maintained a fairly low Morse stretch

Halogen o force constant force.congténF
Sn-X from equation 17 used in minimizath
Chlorine 160 (cm-1) 60 (kcal/mol) 10 (kcal/mol)
kcal
Bromine 80 (cm-1) 25 (kcal/mol) 15 (kcal/mol)
) 50 (cm-1) 13 (kcal/mol) 15 (kcal/mol)
Iodine

Table XII: Stretch constants.
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constant of 100kcal/molA? and varied r, from 2.30A to 2.50A.
These experiments revealed that, regardless of the strain-free
value chosen, the minimized structure contained three
equivalent Sn-Cl bond lengths which were all within 0.01A of
the strain-free value selected. This indicates that steric
factors are not principle in determining the Sn-X bond length.
To completely eliminate steric interactions all non-halogen
atoms were frozen during a minimization. These experiments
revealed that when low rg values are selected, (i.e., <2.4A4)
similar results are obtained as when all atoms were allowed to
optimize. However, at longer strain-free values one or more
of the halogens began to infringe on the van der Waal radii of
the phenyl systems. Therefore steric influences could not be
disregarded as an influence on the Sn-X bond length. With
this information it is possible to wvisualize a number of
interactions that includes some steric involvement but which

are most likely compounded by electronic effects which may

include the trans effect?! and cis weakening.l7_25
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There exists no direct approach with molecular

mechanics for simulation of electronic effects. Indirectly

it is possible to parameterize all c¢is and trans groups

separately. That is, all groups cis to a donor would be

parameterized with different strain free wvalues than their

trans counterparts. This system may improve the fit of the

molecules, however, there would be a substantial increase in

the time required for parameterization.

C. MM and the Sn-0, Sn-C, O-P and P-C bond lengths

The Sn-0, Sn-C, O-P and P-C bond lengths were

better parameterized than the Sn-X bond lengths in most

cases. Tables XIII and XIV present the observed values and

those values obtained with MM energy minimization using the

parameters listed in Tables II, III and IV. The Sn-0 and

Sn-C bond lengths may also be influenced by the trans and

cis donors and, as such, their bond lengths were not fit as

closely as would have been hoped. Although not as poorly

reproduced as the Sn-X bonds similar experiments as in the

halogen case were attempted. These experiments failed to
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Molecule Sn-0 Sn-C O-P P-C
trans-CliEt 1 5o 1.7911.78 |1.79
(tppo) o 2.1812.17 |2.13 . 1.52 T 7811.81 |1.79
cis-SnCl 1.7911.79 [1.80
(topo) 4 2.08]2.08 1.51 |1.51

Ppo) 2 1.79] 1.7911.80
trans-SnBriEt 5 91l2.21 | 2.26 Ly |1.54 1.80|1-76 |1.76
(tppo) ’ > 1.68]1.81 |1.79
tranS_SnBr4 1.80 1.81 1.80

2.10] 2.10 1.50 | 1.53
(tppo) 5 1.81]1.8011.80
trans-SnIsEt) 5 5 L 1.49 1.8011.80 11.78
(tppo) 2.2512.29 .2912.04 .50 . 1. 7911.80 |1 .79
_ 1.781.81 |1.80
Tians)snI3Et 525 2.21| 2.25 1.49 | 1.51

PpPo), 1.80/1.82 |1.83
: 1.8411.79 | 1.77
cis-Snly 2.26| 2.08 1.471]11.50
(tppo), 1.80| 1.78 | 1.81

Table XIII: Observed Sn-IL bond lengths, (in A),as obtained from
crystal data.

Molecule Sn-0 Sn-C O-P P-C
t -Cl3Et 1.8
ians 3 2.19 |2.18 | 2.16 1.52 [1.51 |=8011-79 0
(tppo) 2 1.79(1.79 |1.80
Do 1.79(1.79 | 1.79
c1s-SnCly .
1.51] 1.51
(tppo) 2.17) 217 1.79] 1.79 ] 1.79
trans-SnBriEt 2.23 | 2.30 | 2.20 150 1.53 1.7911.80 | 1.80
(tppo) , : . ) ) ) 1.79] 1.78 ] 1.80
trans-SnBry 9 16 1.51 | 1. 50 1.800 1.7911.79
2.17] 4- . .
(tppo) , 1.79(1.80 | 1.80
1.8011.79 |1.80
trans-SnlzEty |, 19| 2.21] 2.18] 2.16[1.52 | 1.53
(tppo) , 1.80(1.79|1.80
trans_SnI-Et 1.79| 1.80[1.80
(tppo) ’ 2.1912.16 | 2.17 153 1.2
2 1.80| 1.80(1.80
{s_snT 1.80]1.80 [1.80
cremeNe 2.17| 2.16 1.51 | 1.50
(tppo) , 1.79] 1.801.79

Table XIV: Bond lengths, in A, after minimization with

parameters listed in table II. 81



reduce the error and a cubic function with unremarkable force

constants was used in the final calculation.

D. MM and the SnOPC torsion angles

A cursory glance at Table XV seems to imply that the

SnOPC torsion angles are not well reproduced with the parameters

selected. However by correlating the torsion angle to the SnOP

angle (Figure xxvii) it can be seen that the error in the

torsion increases as the MOP angle approaches 180°. At an MOP

angle of 180° the torsion angle has no meaning and at MOP values

in the range of 160° and 180° the significance of the torsion

angle declines as does the significance of the error in the

reproduction of those angles. Given that the torsion force

constants were set to nearly zero it was thought that these

angles were reproduced quite well by simply allowing van der

Waals interactions to dominate.
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molecule SnOPC_R DPobsva Dpin SnOPC_R DPopsva Dpin
trans-Sn SnOlP1C_R1 |-167.6]|167.7 [|SnO2P2C_R1 5.0 2.3
CliEt
(t;po)z snolplc Rr2 | -51.2-50.6 [sno2P2c_R2| 124.3| 122.5
SnO1P1C_R3 73.71 72.4 |sno2pP2C_R3| -118.7| -122.6
cis-Sn SnO1P1C_R1 |-155.7 153.9 [SnO2P2C_R1| -154.8| -159.0
Ccl
(tépo)z snolp1C_R2 | 84.3| 85.8 [snoz2p2c_Rr2 85.3| 80.7
SnO1lP1C_R3 | _36.4|-34.6 ||SnO2P2C_R3 -35.5| -40.0
trans-Sn ||snolipic_rR1 | -48.3|-50.6 [sno2P2C_R1 26.6| -11.07
BriEt
(iépo)z SnO1P1C_R2 |-165.3 [166.6 [[Sn0O2P2C_R2 144.1| 132.7
SnOl1P1C_R3 72.9| 73.8 [|SnO2P2C_R3 -98.7| -110.1
trans-Sn SnOl1P1C_R1 152.7 £151.3 [ISnO2P2C_R1 85.4 83.1
BI‘4
(tppo), snolpic r2 | -33.5[-33.1 [sno2p2c_Rr2| -158.0| -162.5
SnO1P1C_R3 | 100.7 [ 89.4 [sno2P2C_R3 38.7 41.2
trans-Sn Snolplc_R1 | 108.5[101.6 [snO2P2C_R1 55.4( 123.1
I,Et,
(tppo) , SnO1P1C_R2 -133.7 +139.7 [|ISnO2P2C_R2 174 .3| -117.9
SnOl1P1C_R3 -11.91-19.9 [|ISnO2P2C_R3 -68.1 -0.2
t;r;ils—Sn SnO1P1C_R1 -7.2|-17.1 |lsno2p2c_R1 71.48 80.2
3
(tppo) 5 SnO1P1C_R2 | 114.2]104.1 |sno2p2Cc_R2| -168.4| -159.7
SnOl1P1C_R3 129.6 }137.1 [ISnO2P2C_R3 -53.1 -44.2
‘I:ls‘sn snolP1c_R1 | =35.7[-50.9 [sno2p2c_r1 28.8]  51.7
4
(tppo) , SnO1P1C_R2 88.8| 75.1 [[SnO2P2C_R2 144.7| 167.3
SnO1P1C_R3 [-153.9 +171.6 [|SnO2P2C_R3 -95.4| -71.2
Table XV: Comparison of the more important torsion angles

before, P pgvg, and after,

Qnin, minimization.

83




v 8

Error in torsion angle (in degrees)

70

40

30

20

10

Tin-Oxygen-Phosphorus angle vs error in Torsion angle

=

]

148

150

152 154 156 158 160 162

Tin-Oxygen-Phosphorus angle (in degrees)

Figure xxvii:Torsion angle vs Sn-0-P angle

164

166

168



E. MM and the halogen-Sn-halogen bond angles

The observed angles about the tin were near 90° as
expected for octahedral coordination. (Table XVI). The observed
values were well reproduced by molecular mechanics in most cases
with the exception of the I3SnI2 and the 025n01 angles of
cis-SnI,(tppo)2. The observed values were 102.2° and 78.8° which
are the two most extreme values of the set of XSnX bond angles.
Even though the molecular mechanics values are not within an
acceptable margin of error, the experimental I3SnI2 value was
94.6° which was among the highest wvalues reproduced and the
experimental 02Sn0l1 was 85.7° which was thé lowest wvalue
reproduced. Although the fit of these angles was not as close
as would have been desired, the shift of the angles away from
90° was in the correct direction.

Since the angles involved in octahedral
coordination were fit accurately, it seems that ignoring all
angles of 180°, and treating specifically only the 90° angles
does not have adverse effects on the molecular mechanics

treatment of the angles about tin.
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molecule|| X Sn X |Ocpsvd | Gnin X Sn X |[Oopsva| Ounin X Sn X [Bobsva | Gnin
¢ rans_sn [ C13SnC1Y 86.8 | 87.1 [ c13snc12(88.1 (89.2 [[Cl1SnOl [90.4 (89.9
- c12sn01 | 90.9 | 90.3 [c13sno1 [89.6 |89.8 [fci1sno2 [90.9 |90.6
(t3 ), [lc1zsno2 [ 87.9 |89.3 c13sn02 |90.9 [91.4 fC11SnC1 |95.0 |94.7
PPO)2 fe12snci| 90.1 189.0 floisnc:t [90.1 [89.7 [Jo2snct [89.3 [89.0
cis_sn [lct2snciy 91.0 [87.5 fclisnol |86.9 |90.5 |C13snCl2{95.5 |92.2
o1 c13sn01 | 86.3 | 89.8 [lc14asnci1]|95.4 |92.9 [cil4asnc1i2|91.9 |88.7
(t4 o), ||c14snol | 90.9 [92.3 fc13snC13[91.3 |86.9 [C11Sno2 |85.9 90.1
PPO2 fc125n02 | 90.9 | 89.9 [o2sno1 |86.3 [89.2 [c13sno2 |87.1 [90.0
traES‘sn Br3snBrl 88.0 | 92.7 [[Br3snBr2|88.6 |87.9 [Brisnol |91.1 |92.6
(§3 Br2snol | 89.5 | 86.9 [ Br3snol |88.2 [89.3 [Brisno2 [95.8 |89.4
PPO)2 [ Brasnoz2| 83.7 [90.6 || Br3snoz2 [92.8 |93.5 |Brisnci |s8s.2 [89.0
Br2sncl| 95.2 | 92.3 [lo1snci [89.3 [88.6 [|o2sncl |90.1 |87.4

trans-Sn| Br3snBril 91.3 [ 86.4 [Br3snBr2|8s8.2 [88.6 [[BrasnBri|ol.6 [88.8
Bry Br4snBrd 89.0 | 89.9 [Brsno1 |89.9 |89.8 [Br2snol [87.5 |91.8
(tppo), [[Br3snol| 91.4 |89.7 |Brdasnol |91.8 [92.4 [Brisno2 [94.5 |95.6
Br2Sno2 | 88.1 | 89.3 [ Br3sno2 |86.26/89.0 |Brasno2 [90.3 |88.8
[crans-Snllt1sno1 | 87.4 | 92.3 [|[12sn01 |90.8 [88.4 [|11sn02 |87.1 [90.2
I2EE) 12Sn02 93.8 [ 89.2 [t1sncl [91.1 [90.4 [|I2snCcl [83.6 |88.0
(tppo), floisnc1t | 85.8 | 92.2 [|lo2snc: |84.2 |92.1 [[11snc3 |96.5 [93.4
12snc3 | 88.2 | 88.2 [oisnc3s |96.1 |85.6 [|lo2snc3 |94.5 |89.9

;rg:s—Sn I3sn1l | 91.9 | 89.5 [ 13sn12 |s86.2 |85.9 [[r1snc1 [s89.1 |89.3
i 128nc1 | 92.7 [95.3 |11sno1 |87.2 [89.9 [[125n01 |92.6 |91.0
(tppo)y f135n01 | 95.1 |92.5 foisnci |85.2 |8s.8 [11sno2 |[ss.5 |90.0
12sn02 | 91.8 | 89.4 [[13sn02 |[89.0 [89.9 [[o2snc1i |90.8 [89.9

cis-Sn |t125n11 | 98.2 |93.3 [ 13sn11 |92.4 [89.4 [13snI2 [102.2 [94.6
I4 T4snI1 | 88.2 |89.4 [[14sn12 |89.2 |87.2 [11sno1 [90.9 |92.4
(tppo), [13sn01 | 86.5 | 88.4 [|14sn01 |81.8 |[89.9 [12sn02 |91.3 [88.6
13sn02 | 91.1 [90.7 [[t4sn02 |86.2 |90.4 [o2sno1 |78.8 |85.7

Table XVI: Angles about the tin as aquired from crystal

data, Oopgvqgr and as produced after minimization, Opyp .

All angles in degrees.
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IV. CONCLUSION

It was initially predicted that some of the
tin-halogen bond lengths as well as the tin-oxygen-phosphorus
bond angles would be difficult to reproduce. This, in fact, was
the case, but a combination of new force constants, variable
potential stretching and bending functions, as well as the
crystal packing of the molecules of interest provided results
which were better than expected.

There can be some confidence now that the structures
of these molecules may be well reproduced. It is a leap of faith
to assume that a similar accuracy can be expected with the steric
energy predictions since no Dbasis for comparison exists.
However, the steric energies of the minimized molecules are
presented in Table XVII. The individual energies are not
directly comparable since no two molecules have the same
composition, however, some Qbservations can be noted.

One observation corresponds to the general agreement

between the magnitude of the steric energies for all the
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Etotal Estretch Epena Etorsion | Evpw
trans-SnCl3Et
(tppo) -29.003 4.248 3.993 -58.514 | 21.270
cis-Sn Cly
(tppo) 2 -35.925 4.301 2.531 -58.972 | 16.215
trans-SnBriEt
(tppo), -30.232 3.987 4.418 _58.758 | 20.030
trans-SnBry
(tppo) -31.720 |  4.453 4.169 -58.606 | 18.264
trans-SnIsEt
(tppo), e -30.349 4.623 5.001 -58.757 | 18.784
trans-SnIiEt
(tppo) 5 -32.539 4.543 4.982 -59.046 | 16.982
cis-SnIy
(tppo) , -36.138 3.944 5.048 -58.434 | 13.304

Table XVII: Steric energies of the isolated core as aquired

with the use of the parameters listed in Tables II-IV

and crystal packing.

All energies in kcal/mol.

8 8




complexes analyzed. Since the group of compounds are very
similar in their substituents as well as the arrangement of the
substituents this seems to be a fair indication that the
forcefield is consistent.

Having noted the similarity in the 1list of energies
the differences can also be examined. Table XVII illustrates
that the two molecules with cis configuration, c¢is-SnCly(tppo);
and cis-SnI,(tppo),, have lower steric energy than do the trans
complexes. Since it 1is the wvan der Waals component which
improves the steric energies of these molecules, the earlier
hypothesis that c¢is systems have greater intramolecular phenyl
ring interactions than the trans systems can be justified.

Armed with good geometric correlation as well as some
energy information, it is now possible to continue the
experiment. The next step 1is to proceed to solvation of the
metal phosphine oxide complexes in the fulfillment of the
original goal: predicting relative energies of various metal,

phosphine oxide, and solvent systems.
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