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ABSTRACT

ln this thesis, various organotin(lV) compounds were studied using ab initio

molecular orbital calculations. This is because there has been a lack of information

relating to the structural status of such compounds in the gas phase.

Chapter 2 deals with the determination of the most appropriate level of theory

to be used on organotin compounds. Three levels of theory, Hartree Fock (HF) [with

the basis sets Lanl2dz, 3-21G**, and 3-21G** with polarisation functionsl,

Density Functional Theory (DFT), and a hybrid of these two levels, B3LYP, were

tested on three small organotin compounds.

The HF level of theory was determined to be the most appropriate model to be

used for future investigations as it generated parameters for angles and bonds that

were most similar to structures determined by electron diffraction studies, and

relatively unexaggerated values for energy differences between the two states'

Chapters 3 and 6 describe the study of monoorganotin trichloride and

tetraorganotin compounds of type R3R'Sn, respectively. There is debate as to whether

these compounds can undergo intramolecular hypervalent interactions in the solid

state. Studies were carried out in the gaseous phase using ab initio molecular orbital

calculations to determine whether close intramolecular interactions found in the solid

state persisted in the theoretical (gas phase) structures'

Chapters 4 and 5 deal with diorganotin dichloride and triorganotin chloride

compounds, respectively. There has been dispute in the literature as to whether these

compounds can also undergo intermolecular hypervalent interactions in the solid

state. lt is debatable whether the distortions from regular geometries seen in the

solid state were sufficient to indicate hypervalency and therefore, were sometimes

attributed to crystal packing effects. Analysis using ab initio molecular orbital

calculations on these compounds showed that both hypervalency and crystal packing

effects caused the distortions observed in these compounds.
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Chapter 1

lntroduction



1.1 The History and llses of Tin and its Compounds

There is a long history of the use of tin in both elemental and compoun

The first known use of tin was around 3500 BC where it was utilised to increase the

hardness of copper by forming bronze, a copper-tin alloy. The use of bronze brought

an age of human material and cultural development known as the Bronze Age. Bronze

was commonly used to make artefacts in ancient Egyptian and Babylonian tombs and

for mummification primarily in Egypt. Tin was also used for artefacts in China, the

earliest dating back to 22OO BC. Tin was commonly used by the Romans for coating

copper boats. Around 2OOO BC, tin helped in the development of trading links around

Europe, where it was mined from locations in present day Spain, England and Central

Europe, and brought to Mediterranean Europe [1-3]. lt was often considered a

"strategic metal" and a valuable commodity. The isolation of tin in its elemental form

was achieved by 800 BC [3].

The development of modern tin chemistry started many centuries later. lts

modern origins are considered to have started in 1605 by Libavius. Libavius

distilled tin or tin amalgam with mercuric chloride, creating a seething liquid

thenceforth known as sprltus fumans Libavuii, and now known as tin(lV) chloride.

It is possible that the same experiment was carried out 300 years prior to Libavius'

successful attempt. ln 1849, Edward Frankland synthesised the first organotin

compound, diethyltin diiodide. At that time however, tin compounds were still

considered as scientific novelties [3]. ln the following formative years of modern tin

chemistry, genuine intellectual studies were made in the area of inorganic tin

chemistry. The study of tin chemistry expanded and organotin chemistry (chemistry

involving at least one tin-carbon bond) became a field of experimentation'

Today, tin is mined in many countries, the main deposits being found in

Malaysia, Bolivia, lndonesia, and Nigeria. Tin is mined chiefly in the form of

casserite or tin(lV) oxide, tin's most commercially important ore' Elemental tin

still has a diverse range of uses today: it is used for bearings, solder - a necessity for
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the electrical and electronic industries [2], pewter, and bell metal [1]. Tin (or

tin(lV) oxide) is also used to coat metals to prevent corrosion and for plating steel for

food containers. This lead to the expression "tin can". Tin can also be combined with

niobium to form an alloy suitable for low-temperature superconductors. This

superconducting alloy generates magnetic fields equivalent to those generated by a

100 ton electromagnet [1 ,2,4f. lnorganic tin salts also have multiple functions in

modern society. For example, to stabilise perfumes (SnCl4) and to make glasses and

enamels (Sn02). Moreover, they are ingredients in toothpaste formulations and

mouth washes (SnF2) 12, 31.

Organotin compounds are finding even more uses today, and are no longer seen

as just curiosities. The interest they generate can be seen by the number of books and

research published in the area. Organotin compounds numbered more than 500 in

1992 [1] and their consumption rose from negligible amounts to 40000 tonnes in

the 1950's l2l. They have anti-tumour properties [5-8], miticidal properties

(tricyclohexyltin hydroxide) tgl and they have been used in agriculture as

fungicides, insecticides and rodent repellents to protect a number of crops [10, 11].

Non-agricultural uses of organotin compounds include anti-fouling paint biocides in

the marine environment (R3SnX; R = Bu, Ph; X = Cl, OH, etc.) [3], important

biocides and as surface disinfectants in industry, where the recirculating water of

cooling towers is kept clean by the use of tributyltin oxide [9]. The first use and

currently the major use of organotin compounds is in the prevention of thermal

degradation and photodegredation of polyvinyl chloride (RzSnXz; R = Me, Bu) [11].

Further, monoorganotin compounds are good water repellents for building materials

and fabrics [10].

Tin is widely used for organic synthesis as a flexible and invaluable reagent,

because it has exceptional regio- and stereo-selective control t3l. These

eharaeteristies make tin and its compounds suitable for industrial catalysts for
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esterif¡cation, polyurethane production, olefin polymerisation Í2, 121, or any

reaction involving attachment of an organic molecule to an organic substrate [13].

At the present time, there are no known major biological functions of tin.

Tin's position of being a nutrient to organisms on a low level is also questionable.

Nevertheless, inorganic tin somehow influences the synthesis and degradation of

haemoglobin, as well as increasing the synthesis of the haem oxygenase enzyme [3].

Tin compounds ín the form of agricultural and biochemical compounds are not

biologically threatening to humans or mammals. They are safely and readily excreted

from mammals since they are chemically inert or are metabolised into inorganic salts

by sunlight and micro-organisms [2].

1.2 The Chemistry of Tin

Tin is a member of Group 14, and has an electronic configuration of

[Kr]4dto5s25pz in its elemental form. This allows the valence electrons to undergo

sp3 hybridisation, leading to tetracoordinated structures with tetrahedral geometries

[14]. However, more than four bonds can be achieved. The first compound found

exhibiting this behaviour was trimethyltin chloride pyridine in 1963 1141. The

most common oxidation states of tin are the +ll (stannous) and the +lV (stannic)

states, but a -lV state does exist depending on the binding partner. The +lV state is

more stable than the +ll state. The tin(ll) centre has a filled 5s shell (a lone-pair of

electrons) which has steric influence on the formation of tin(ll) coordination

geometries. Tin(lv) on the other hand has no lone-pair valence electrons. Tin forms

strong bonds with the majority of the elements of the periodic table, most bonds being

covalent in nature. However, with alkali metals and alkaline earth metals, tin forms

predominantly ionic bonds [3].

Tin is essentially ined, withstanding attack from sea and soft tap water, but is

attacked by strong acids, salts and alkalis. lt is also relatively resistant to attack

from oxygen, nitrogen, hydrogen, and ammonia at atmospheric temperatures [3]. Tin
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in its compound form is relatively hard and prefers to form bonds with

electronegative atoms such as nitrogen, oxygen, chlorine, and sulphur. lndustries use

these properties by binding tin or organotin compounds to allylic chlorine atoms in

PVC to prevent the process of dehydrochlorination. Dehydrochlorination occurs in

PVC degradation normally promoted by heat or shoft wavelength light. They can also

act as HCI acceptors to further degradation [11]'

1.3 Organotin(lV) ComPounds

There are four categories of organotin(lV) compounds. These categories are

the mono-, RSnX3; di-, R2SnXz;lri-, RgSnX; and tetra-organotin compounds, RaSn;

where R is an organic ligand, and X is an anionic group using an electronegative atom

to bind to the tin(lv) centre, The bond between the tin(lV) centre and X has overall a

more prevailing covalent character, and the tin(lV) centre is the electropositive

partner [12]. The Lewis acidity of the tin(lv) centre generally decreases with more

R substituents [14].

As the tin(lv) centre is able to form (at least) four bonds, tin has a wide

variety of coordination compounds and structural motifs. There is an abundance of

chemistry in the solid state [3]. The variety of known coordination compounds shall

be discussed later.

(i) Tetraorganotin ComPounds

Tetraorganotin compounds, RaSn, and in particular, those of the form R3R'Sn

(where R, differs from the other three R organic ligands) are of interest in the

context of this thesis.

Recently, a considerable amount of research has been carried out on R3B'Sn

compounds, with nearly all of it being carried out in the solid state using X-ray

¡r.-¡ara!tnnranh,.., t15l tlntil re!ativelv reoentlV, it WaS thOUght that theSe
ul yÐlqr¡vv¡ qy¡ r)' L r vl.

compounds, and other organotin(lV) compounds, could not form more than four bonds
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as they lack acidic tin centres. Penta-coordinated systems with Sn"'O and Sn"'N

intramolecular interactions are now known to exist in R3R'Sn compounds, where the

oxygen and nitrogen reside on R' substituents. These interactions result in

hypervalent tin centres and the cyclising of the R' groups. The R' group often contains

five members including tin - this is the most stable ring configuration for such a R

group [16]. These hypervalent Sn.'.O or Sn".N interactions have been determined to

fall within the sum of the van der Waal's radii of tin and oxygen or nitrogen, but

greater than the sum of their covalent radii. Although hypervalency is known to exist

in the solid state [15] and in the solution state [15d], ¡t is not common for R3R'Sn.

However, the coordination of the tin centre can even go up to eight for organotin

compounds. Examples of higher coordinated tin centres are seen in the hexa-

coordinated {c, N-[3-(2-pyridyl)-2-thienyl]]diphenyltin, and the penta-

coordinated MeSn(CH2CH2CH2)3N, and Me2Sn(CH2CH2CH2)2NMe molecules [1 7].

Penta-coordinated compounds have distorted tetrahedral structures deviating

towards trigonal-bipyramidal geometries and generally these compounds demonstrate

greater stability [15, 18]. Moreover, hypervalency is enhanced by the presence of

one or more electron withdrawing groups bound to tin. Tin, like all period 5 elements

uses its 4d orbitals to undergo hypervalency.

Hypervalent bonding stabilises the molecule by "locking" the tin atom in a

very weak potential valley. An effect of hypervalency is that it may alter the

geometry and the reactivity of organotin compounds used for halodemetalation

reactions. For example, on page 6, Y is a possible coordinating group (in the 1-

position), where Y may help the bond trans to it to be cleaved, allowing X to replace

the outgoing R group [19].



b

Y

SnR2

R

Y

X

SnR2
-RX

This not only has implications for tetraorganotin compounds (R3B'Sn)

involved in reactive processes, but also for designer molecular technology involving

mono- and di-organotin(lV) halides [20].

Since hypervalency can occur in the solid state, it naturally raises the

question of whether these interactions are bona fide allraclive interactions between

electronegative atoms and tin, or if these are results of crystal packing effects,

where, tin and these R substituent residues are brought closer together in order to

maximise packing efficiency. This is the key question examined in this thesis.

(ii) Organotin Halide Compounds

The compounds of group 14 exhibit a trend to higher coordination and greater

bridging down the group, from carbon to lead [21]. Organotin halide compounds are

considered as junction materials between the organocarbon and organolead compounds.

Whether organotin halide compounds do exhibit bridging depends on the number and

type of halide and the organic ligands. Organic ligands may act as deterrents to

bridging, because they can cause steric hindrance. Conversely, organic groups and

halides can both alter the acidity of the tin centre in organotin compounds' Fluorides

are recognised as polymeric, while the heavier halogen compounds are often

monomeric in the solid state [22]. Overleaf is a suggested taxonomic table of the

organotin(lV) compounds [23]:
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A. Monomer
B. Oligomer

1. Dimer
2. Trimer
3. Tetramer
4. Higher

C. 1-Dimensional Polymer
1. Singly-bridged
2. Doubly bridged

a. chelated
( i ) isobidentate
( i i) anisobidentate

b. symmetrically bridged
c. asymmetrically bridged

D. 2-Dimensional Polymer.

Problems arise when determining the structure types of organotin halide

compounds as there is some disagreement about the van der Waals radius of tin [24].

Furthermore, this taxonomic classification of organotin halide compounds is not

universally accepted. Often researchers are not satisfied or have found it difficult to

come to definitive conclusions using this classification system'

Diorganotin dichloride compounds for example, exhibit A (ditertbutyltin

dichloride l25l and bis(biphenyl-2-yl)tin dichloride l22l), C1 (dicyclohexyltin

dichloride t26l and diisopropyltin dichloride [25]), Czb (dimethyltin dichloride

[27]) and C2c (diethyltin dichloride [28]) structural motifs.

These compounds can increase their bridging through chlorine atoms that form

intermolecular interactions with adjacent tin centres. Bridging can involve one

Sn'..C1 or two Sn...Cl intermolecular interactions in near proximity. Tin with one

Sn...Cl interaction is penta-coordinated with its geometry approaching the trigonal

bipyramidal configuration. Tin with two Sn"'Cl interactions is hexa'coordinated with

its geometry approaching an octahedral configuration.

There is speculation in the literature as to whether these structure types do in

fact exist, as the compounds do not have convincing distortions in angles and

significant increases in the covalent bond distances to match the above hypervalent

^^^-¡+yi¡a /-t{}an irranr¡laririac in nanmc¡lrv at? attril'lUted to oaCkinO fOfCeS Of
Yltvl I lgrl lçÐ. vl !91 tr ll r evsrq¡ , -' -

steric effects as can be determined for monomers [21]. However, often it is not



known what the angles for a non-distorted R2SnCl2 molecule in the solid state should

be [23], and therefore it is not known whether irregularities are truly caused by

crystal packing effects. More investigation must be undertaken in this area

employing other methods such as lnfrared, Mössbauer, and other spectroscopic

techniques. Detailed interpretation of crystallographic data and theoretical

calculations is also required.

Many of the problems associated with determining coordination geometries for

diorganotin dichloride compounds are also present f or triorganotin chloride

compounds. For example, tribenzyltin chloride consists of monomeric tetrahedral

molecules in the rhombohedral t29l or monoclinic form [30], but has been

interpreted as a C1 structure in the rhombohedral modification similar to that of

trimethyltin chloride (see below) t311.

There is great structural diversity in other organotin compounds as well. For

example, trimethyltin chloride [32] is thought to be of a C1 type structure' a one-

dimensional polymeric structure with a zig-zag backbone, whereas

tris(bis(trimethylsilyl)methyl)tin chloride, is considered to be monomeric [33]'

Monorganotin trichloride compounds show variation in structure much like

other organotin chloride groups. Some exhibit non-monomeric structures (V-

chloropropyltin trichloride [34], a C2b structure) and others are monomeric

((2,6-dimethoxyphenyl)tin trichloride t35l and (2-methoxy-5-methylphenyl)tin

trichloride [36]). These compounds much like the R3R'Sn compounds have tin centres

that are hypervalent and bond with oxygen [35, 36] or chlorine [34] residing on the

substituent R grouPs.

1.4 The Aim of the Proiect

Recent commentary has shown that significant variations in geometry occur in

---^^^+¡^ ^,,Ã.^ñ^ -imntrr trrr c¡¡Þrttrr r¡arrrinñ a remote R substitugnt on a liqand in an
ufgarlullll ÞyÞlr'lllÐ ùrrrryry eJ esvrrt '-'r"'Y

organotin compound [37]. Moreover, organotin compounds through their geometric



parameters, have exhibited a greater dependence on crystalline environments than

has been seen in standard deviation parameters for derived interatomic parameters

t381. The effect of crystal packing on organotin compounds affect the reasoning of

their chemical [18] and theoretical natures [31].

Geometric knowledge of these compounds is important in regard to their

potential usage. Attention only seems to be given to the solid state structure' There is

currently a lack of information on the solution and gaseous states of these compounds

and solid state information may not provide any useful information for the

determination of solution or gaseous structures. Broadly, it has been regarded that

while there may be differences between the structures in solution and in the solid

state, the knowledge of the effects of solid state forces, that is crystal packing effects,

on molecular geometry is not well understood'

This introduction is followed by four chapters, each with a different aim'

Chapter 2 is concerned with various levels of theory applied to organotin systems

using computational methods. This chapter will determine which theoretical level is

the most appropriate for the determination of geometric parameters and energy levels

of the optimised structures for organotin(lV) compounds. Theories investigated will

be Hartree-Fock (HF) using the Lanl2dz basis set, and both 3-21G** and its

polarised equivalent basis sets with polarisation functions on electronegative atoms;

Density Functional Theory (BLYP); and hybrid Hartree-Fock-Density Functional

Theory (B3Lyp). Theories will be tested using three small organotin chloride

compounds, namely tetramethyltin, methyltin trichloride, and trimethyltin chloride'

The best level of theory, i.e. HF was used in subsequent calculations'

chapters 3 and 6 deal with monorganotin trichloride compounds and

tetraorganotin compounds of type R3R'Sn, respectively. As seen in 1'3, these

compounds can undergo intramolecular sn"'N, sn"'o, or sn"'cl hypervalent

!^{¡ya^{ian¡ in rha entir{ erqro Cnmoutationa! methods will be used to determine if
ll llCl cltsLl\,l lÞ ll I tl l9 9vlrv e¡qtv.

these hypervalent interactions are due to crystal packing effects or are inherent to
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the compounds. This is important as debates in the organotin chemistry field have

lasted for a number of years and are controversial at present.

Chapter 4 deals with diorganotin dichloride compounds. As seen in 1.3, these

compounds can undergo Sn.'.Cl intermolecular interactions in the solid state. As a

result, these molecules can form extended structures in the solid state.

Computational methods will be used in this Chapter to determine if the intermolecular

interactions cause distortions in the molecular geometries, i.e. to determine the

significance of the intermolecular interactions on molecular geometry'

Chapter 5 examines the nature of triorganotin chloride compounds in the solid

state. Computational methods will be applied here to attempt to elucidate whether the

distortions seen in these structures in the solid state are due to crystal packing

effects or steric effects of the tin-bound organic substituents.
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2.1 lntroduction

Organotin compounds have a wide and varied range of applications as seen in

the lntroduction. To understand these compounds, a knowledge of their structural

chemistry is required. Ab initio molecular orbital calculations have already been

applied to nucleotides [1], gold species with nucleotides [2] and so forth, but only

recently have these calculations been applied to comparative studies of heavier metal

organometallic compounds.

ln this Chapter, three organometallic tin compounds shall be examined by

comparing parametric values, as determined from X-ray crystallography and

electron diffraction, to those determined by theoretical methods using three levels of

theory (Hartree-Fock, Density Functional Theory, and hybrid Hartree-Fock/Density

Functional Theory), operating on the Lanl2dz basis set. However, the Lanl2dz basis

set includes an approximation for the tin atom, called the effective core potential

(ECP), which approximates the effects of the inner electrons of an atom. The Lanl2dz

basis set does not consider electron correlation.

Furthermore, Hartree-Fock calculations were undertaken using the 3-21G**

basis set; moreover, the 3-21G*. basis set was augmented with polarisation

functions on oxygen and chlorine atoms. Polarisation functions were added to

ascertain what effect they would have in regard to molecular parameters, as well as,

for later work, what effect they would have on tin-electronegative atom distances in

regard to possible hypervalent interactions (see in particular Chapters 4 and 6)'

Density functional theory (DFT) has been used to optimise the structures of

numerous transition metal compounds [3] and is often considered as computationally

accurate and efficient. DFT in part considers electron correlation and hence, is

suitable for large molecular weight metal-containing compounds. lf the double-(

electron basis set is used alongside the effective core potential (ECP) approximation

in rlra rìET ¡ara,,rarinnc rhon tho res'llts nroduced confOfmS with both expefimental
ll I ll |li ul I vqlwulqllvr lù, r¡ rer I tr

and theoretical results as shown by Cotton and Feng [3]. lt has been reported that
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all-electron DFT calculations for predicting the structures of rhodium-containing

species also agree with data generated from X-ray diffraction [4].

The previous reports assure us that using ECP approximations in theoretical

calculations for transition metal compounds will provide well-founded results.

To validate these results, the HF, DFT (BLYP), and hybrid HF-DFT (B3LYP)

levels of theory have been tested and compared for three small organotin compounds,

tetramethyltin, methyltin trichloride and trimethyltin chloride. As HF does not

account for electron correlation it was thought that it would be valid to compare it to

DFT methods that do in part account for electron correlation. The advantage of using

these small molecules for this comparison is that their crystal structures [5-7] and

gas phase structures (electron diffraction) [8, 9] have been determined. Hence, this

will allow for a complete comparison of theoretically and experimentally determined

results. This will also justify the use of a particular level of theory in upcoming

chapters.

2.1.1 Previous computationat Methodotogies tor organotin
Compounds

Relatively few studies have been conducted previously on organotin compounds

using computational methods. None of the studies, however, have been particularly

recent, and few have dealt with analysis of electronic structure of these compounds'

Examples of these studies are provided below, in particular, emphasising their

computational methodologies.

(¡) Methyltin triiodide ll Ol

This paper concerned the crystallographic, molecular (Mössbauer), and

electronic study (ab initio and Xa-SW methods) of methyltin triiodide'

Ab initio molecular orbital calculations were employed on the

crystallographic structure of this molecule' Effective core potentials replaced the
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effect of core electrons in carbon [11], and iodine and tin [12]. To take note of any

deviations caused by the use of pseudopotential calculations (that is the neglect of the

effect of inner valence tin 4d electrons), the calculations were repeated by the

authors using the all electron quasi-relativistic Xa-SW method [13-15]. The

authors contracted the valence Gaussian basis sets to double-( quality.

Results show that tin 4d (1a1,1e,2e) electrons are non-bonding. The wave

functions obtained from both ab initio and Xa-SW methods are consistent with each

other. The Xa-SW method underestimates the tin 5p contribution but overestimates

the character ol Sn-C 4d22.

(ii) Tin(lv) hydride and Tetramethyltin 116l

The Symmetry Adapted Cluster-Configuration lnteraction (SAC-C|) method

was employed to study the excitation spectra of tin(lV) hydride and tetramethyltin.

For the study of these two molecules, the experimental bond lengths of the

molecules in Vapour phase were used and T¿ symmetry was assumed for

tetramethyltin. ECPs were used for the tin atoms to take into account of relativistic

effects. However, where ECP gave poor results for excited states, all electron basis

sets were used [17]. Cartesian Gaussian functions were used for the molecules; for

tin hydride: Huzinaga's Sn(16d1 3p7 d\ll7 s6p2dl set [18] with two d-type

polarisation functions (Ç¿ = 0.253, 0.078) and Dunning's H(4s)/[3s] set [19]; and

for tetramethyltin: Huzinaga's Sn(16d1 3p7d)ll7s6p2dl set [18] with one d-type

polarisation function (Ça = 0.183), Dunning's c(9s5p)/[3s2p] set [19], and

Huzinaga's H(as)/t1sl set [18]. Moreover, for tin hydride, five s, p, and d Gaussian

functions were added to tin and two s and functions on each hydrogen. Since the

overlap of tin and hydrogen was nearly one, no additional ditfuse functions were added

to the hydrogen atoms. For tetramethyltin, three s, P, and d Gaussian functions were

^rl^J .^ ¡:- ^^-¡ ^^¡l n {r rn¡linn an tn nerhnn t2ôlctuutiL¡ lv Lll I al lu vl 19 ù q¡ lv ,lv rur ¡vrrvr vqr vvr I tbYl'
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The ground-state electron correlations were determined by using the

Symmetry Adapted Cluster (SAC) method [21] while the determination of the excited

states was done by the SAC-CI method [22]. Hartree-Fock molecular orbitals were

used as reference orbitals.

Results showed that the Vacuum-Ultraviolet (VUV) spectra were successfully

reproduced (excitation energies and intensities) by the SAC/SAC-CI method. Multiple

states in the molecules were calculated, analysed and assigned. Many new states were

discovered that were overlooked in previous studies. Further, the clarification of

excited states were achieved.

(iii) Pentacarbonylmolybdenum(0)-stanylene l23l

Reference [23] described the study of the electronic structure of transition-

metal-carbene-like complexes, and in particular the bond between

pentacarbonylmolybdenum(O) and stanylene. Prior to this paper,-no studies were

carried out on metal carbenes.

Ab initio Hartree-Fock calculations were employed using the ECP

approximation. Hay-Wadt ECPs were used for the molybdenum centre 112, 241' The

pseudo-approximation of Durand and Barthelat were used for the carbon, oxygen, and

tin atoms [25]. The pseudo-approximation method describes the relativistic effects

of tin. The basis sets for the valence etectrons of pentacarbonylmolybdenum(O) were

double-( quality. Also added to the stanylene ligand was a set of polarisation d

functions ((=0.20 for tin). The standard Huzinaga-Dunning basis sets were

employed for hydrogen atoms [26].

Using the Complete Active Space Self Consistent Field (CASSCF) method,

electron correlation was introduced into the wave function [27] with respect to d

electrons in the molybdenum atom and in the sn-Mo double bond.

Molecular gradients were fully optimised at the RHF level, where the

analytical gradient technique was used and constrained under C2v symmetry' While
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the rest of the geometrical parameters were lrozen, the Mo-Sn bond distance was

optimised at the CASSCF level and using numerical differentiation.

HF produced a Sn-Mo bond length of 2.6515 Â; this was in agreement with the

estimated experimental Sn-Mo value of 2.66 to 2.89 Ä. RHF produced a Sn-Mo bond

length greater than the experimental value.

The CASSCF calculations, which incorporate electron correlation, shortened

the bond length of Sn-Mo (2.65 Å without electron correlation, O.O2-0.04 Â less

with electron correlation) and it was argued by the authors that this was caused by

the reduction of the ionic character of the bond.

(iv) Tetraorganotin derivafives: Sn(CH3)Cl4-n(n=0'4) l28l

The gas-phase UV photoelectron (PE) spectra of compounds of the form

Sn(CH3)Cl4-n (n=O-4) were analysed using pseudopotential ab initio molecular

orbital calculations. Previous authors' studies have shown that the employment of

quantum mechanical calculations produce very accurate reproductions of UV-PE

spectra for organotin compounds [29, 30].

Ab initio LCAO-MO-SCF calculations were undertaken with an ECP for the tin

centre as proposed by Durand et al. [25] to deal with all core electrons and contained

relativistic corrections. Optimised for each valence shell of carbon and tin was a 3-

1G split Gaussian baèis. Forthe hydrogen atoms, the standard Huzinaga basis set [31]

was used but 3+1 contracted. Added to the tin atoms were 5d polarisation functions

((=0.20) [32]. Parameters for the molecules were taken from gas-phase electron

diffraction studies [9, 33], as the molecules existed in well-defined tetrahedral

structures in that site.

Overall, there was excellent agreement between the calculated ionisation

energies and experimental ionisation energies. The theoretical results confirm

nrarrin¡rc hanrt acsionments and interoretative patterns t34-38]. The study showed
Plvvlvvv vsrrv svv¡v
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that the Sn-Cl bonding interaction contains a large degree of x character, partly

because of the involvement of the tin 5d functions in bonding.

2.2 Experimental

To calculate the theoretical structures in the gaseous state or in an isolated

form, the initial structural model was based on the fractional atomic coordinates

taken from the Cambridge Crystallographic Database t39l which were then

transferred to teXsan [40] to generate orthogonal coordinates. The orthogonal

coordinates were modified, for example, through the addition of hydrogen atoms, when

necessary by using the relevant routine in teXsan [40]. The coordinates were

optimised (and single-point calculations were undertaken) using a Silicon lndigo2xZ

Workstation and Silicon Graphics Power Challenge computers with the Gaussian 94

suite of programs [41]. All calculations were carried out using (i) Hartree-Fock

SCF theory (HF) 1421, (ii) Density Functional Theory, BLYP {Becke-exchange

functional [a3] with Lee, Yang, and Parr correlation functional [44]), and (iii) a

hybrid HF/DFT theory, B3LYP [45].

For all levels of theory the Lanl2dz basis set [46] was used, which included

the Dunning/Huzinaga double zeta descriptor [26] for all first-row elements. The

Lanl2dz basis set replaces the core electrons of chlorine (up to 2p) and tin (up to

4p) with the effective core potentials (ECPs) of Hay and wadt 112,24).

Furthermore, calculations were undertaken using the Pople-type "all-

electron,' 3-21G** double-( basis set at the HF level of theory. The 3-21G** basis

set was also augmented with polarisation functions such that polarisation functions

were placed upon any electronegative atoms in the molecules: chlorine had one set of

f-type functions added (Çf= O.7O) l47l' All optimisations using the 3-21G** basis

set were computed using the Gaussian 98 t48l suite of programs on a Linux-based

Þan,r,,¡r{ r.-r'crar nnncictinn af 117 dnal orocessor nodes (Pentium PCs) [49]'gEVVYUII VlU9ßvl vvr rvrvrrr rY Yr --'*' F _ - _
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2.3 Besults and Discussion

All figures in this thesis is a representation of the relevant molecule from the

HF level of theory with the Lanl2dz basis set.

(i) Tetramethyltin (1)

Selected geometric parameters from X-ray crystallography [5], electron

diffraction [8], and ab initio molecular orbital studies for tetramethyltin are listed

in Table 1, and its geometry-optimised structure is shown in Figure 1.

The crystal structure of tetramethyltin shows that the crystallised molecule

has three Sn-C bonds of the same length of 2.138(6) Å, and a fourth Sn-C bond with a

apparently distinct length ot 2.102(8) A tsl. The authors of the crystallographic

study suggest that distortion from the ideal tetrahedral symmetry is caused by crystal

packing rather than electronic properties of the molecule [5]. There are no

significant differences in the bond angles, all being experimentally within the

tetrahedral angle of 109.5o, and hence there has been no angular distortion caused by

crystal packing. The symmetry of the molecule in the solid state is therefore C3y and

it exists in monomeric form.

ln an electron diffraction study [8], the distances of Sn-C were all determined

to be the same, 2.14 
^, 

due to the absence of crystal packing effects. lt must be noted

that the authors assumed the methyl groups to have C3y stmmêtry and the SnC4

skeleton to have T6slmmetry - hence C-Sn-C angles were set at 109.5o'

Optimisation of the molecule shows the molecule approximately maintains its

structure as seen by X-ray crystallography. The results also agreed with the

electron diffraction study. lt is interesting that in regard to sn-c distances, the HF-

Lanl2dz and the hybrid HF/DFT (B3LYP) optimisations produced Sn-C distances

approximately equivalent to those seen in X-ray crystallography and close to electron

-ri{r¡a^+i^n. +}ra av¡anrinn nl Sn-Cl1ì in the X-rav erVstallography stUdy. On the
Llllll Clt;llL|l Ir tl 19 s^eePlrvr rr ¡ '¡ '¡- ' r - v'r - ¿

other hand, DFT (BLYP) and HF-3-21G** produce significantly elongated sn-c
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Figure 1. Geometry-optimised structure of tetramethyltin
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Figure 2. Geometry-optimised structure of methyltin trichloride.



Table 1. Selected geometric parameters (Å, deg.) for tetramethyltin from X-ray crystallography (X-ray) [5], electron
diffraction (ED) [8], HF level of theory using the Lanl2dz basis set, and the 3-21G** basis set, HF-DFT (B3LYP) and DFT
(BLYP) levels of theory using the Lanl2dz basis set.

Parameter X-ray

2.102(81

2.1 38(6)
2.1 38(6)
2.138(6)
10e.3(2)
10e.3(2)
10e.3(2)
106.6(2)
1 06.6(2)
106.6(2)

ED

2.14

2.14

2.14

2.14

109.5

109.5

109.5

109.5

1 09.5

109.5

HF-DFT
(B3LYP)

2.15

2.15

2.15

2.15

109.6

109.5

109.5

109.4

109.6

109.3

DFT
(BLYP)

2.16

2.16

2.16

2.16

109.8

109.7

109.4

109.4

109.5

1 09.1

HF-Lanl2dz HF-3-21G**

Sn-
Sn-
Sn-
Sn-
c(1)

c(1)

c(1)

c(2)

c(2)

c(3)

c(1)

c(2)

c(3)

c(4)

-Sn
-Sn
-Sn
-Sn
-Sn
-Sn

- c(2)

- c(3)

- c(4)

- c(3)

- c(4)

- c(4)

2.14

2.14

2.14

2.14

109.5

109.5

109.5

109.5

109.5

109.5

2.20

2.20

2.20

2.20

109.5

109.5

109.5

109.5

109.5

109.5
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distances. These elongations may be result of the peculiarities of the theories used

rather than due to any envisaged physical effects on the molecule. (No HF-3-21G..

calculalions with polarisation functions were performed for this molecule because

there were no electronegative atoms in the structure to be polarised).

However, in regard to the C-Sn-C angles, the HF-Lanl2dz and the HF-3-

21G** optimisations produced angles that were of ideal tetrahedral geometry. The

hybrid HF/DFT and DFT optimisations produced angles that were near the ideal

tetrahedral angle.

The general conclusion that can be made about the optimisations is that the

optimisations produce results that are in agreement with the electron diffraction

study in that there is symmetrisation of the molecule; this is because there is no

crystal packing effects to influence the molecule in the gaseous phase. Moreover, the

HF level of theory with the Lanl2dz basis set produced results that resembled most

closely the X-ray crystallography parameters the most'

(i¡) Methyltin trichloride (2\

Selected geometric parameters from X-ray crystallography [6], electron

diffraction [9] and ab initio molecular orbital computational studies for methyltin

trichloride are listed in Table 2, and its geometrically optimised structure is shown

in Figure 2.

ln the solid state, methyltin trichloride possesses approximately C3u and C"

symmetry [6]. The molecule is a distorted tetrahedron, partly, because of its

asymmetric ligand donor set, with the three chlorine atoms attached to tin of different

tengths (2.28g(2) A,,2.918(1) A, and 2.318(1) Ä), and a carbon atom' 2.074(8)

A. ln the solid state, methyltin trichloride exists in a C2b structure (see the

lntroduction - Chapter 1) - a 1-dimensional polymer with doubly and symmetrically

L-:r-^r ..-i¡^ ..¡1.¡¡¡ rn*armnra¡¡rrar Qn...tìl r{ictannec are 3 174e\ 
^- 

ThiS fUfthef
ul lugEu ul lltÞ - vvl lsl E ll llel I I rvrvvurqr vr

enhances the distortion from the ideal tetrahedral environment about tin'



Table 2. Selected geometric parameters (Å, deg.) for methyltin trichloride from X-ray crystallography (X-ray) [6], electron diffraction
(ED) tgl, HF level oitheory usíng the Lanl2dz baõis set, and the 3-21G** basis set without and with polarisation [Cl((¡0.70)], HF-DFT

(B3LYP) and DFT (BLYP) levels of theory using the Lanl2dz basis set.

Parameter

Sn - C(1)

Sn - Cl(1)

Sn - Cl(2)

Sn - Cl(3)

c(1) -Sn-cl(1)
c(1) -Sn-Cl(2)
c(1)-Sn-Cl(3)
cl(1)-Sn-cl(2)
cl(1)-Sn-Cl(3)
cl(2) -Sn-Cl(3)

X-ray ED

2.o7 4(B)

2.283(2)
2.318(1)
2.318(1)
120.3(3)
113.5(1)
113.5(1)
103.58(6)
1 03.58(6)

ee.7 8 (6 )

HF-Lanl2dz H F-3-21 G**

2.1o(2)
2.304(3)
2.3 o4 (3 )

2.304 ( 3 )

113.e(7)
1 1 3.e(7)
113.e(7)
1O4.7 (4\

104 .7 (4)

1o4 .7 (4)

2.10

2.36

2.36

2.36

111.8

111.8

111.8

107 .1

't07.1

107 .1

2.16

2.35

2.35

2.35

1 12.2

112.2

1 12.2

106.7

1 06.7

106.7

H F-3-21 G**
(+ polarisation)

2.16

2.34

2.34

2.34

1't 2 .1

1 12.1

1 12.1

106.7

106.7

106.7

HF-DFT
(B3LYP)

2.11

2.34

2.34

2.34

1 1't .2

111 .2

't11.2

107.7

107 .7

107 .7

DFT
(BLYP)

2.13

2.41

2.41

2.41

11 1.0

111.1

111.0

1 07.9

107.9

107.9
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Electron diffraction t9l shows that the Sn-Cl distances are equivalent

(2.304(2) Ä¡, as well as the angles, leading to a symmetric molecule, i.e. a Cgu

molecule. The symmetrisation in the gaseous state can be attributed to the lack of

crystal packing effects.

Results obtained for this molecule are similar to the results obtained for

tetramethyltin. The HF-Lanl2dz optimisation produced the shortest Sn-C(1)

distance ol 2.10 Å and HF with 3-21G** and polarised 3-21G** basis sets producing

the longest 2J6 Å. fne hybrid HF/DFT and the DFT optimisations produced results of

a Sn-C distance in between these extremes.

Upon optimisation, all theories produced results in agreement with the

electron diffraction study: all Sn-Cl distances became of equal length, this is due to an

absence of crystal packing effects. lt is interesting however, that the DFT theory

produced the longest Sn-Cl distances ol 2.41 Ä and hybrid HF/DFT produced the

shortest: 234 
^. 

All theories produced Sn-Cl distances that were significantly longer

than X-ray crystallographic and electron diffraction studies.

The structure is not expected to exhibit ideal tetrahedral angles because of the

non-symmetric ligand set. ln all calculations, the C-Sn-Cl angles were all larger

than the Cl-Sn-Cl angles. As seen above with the Sn-ligand distances, the angles in

all optimisations and electron diffraction show symmetrisation [with the exception of

DFT: C(1)-Sn-Cl(2)1. The C-Sn-Cl angles decreased in size from the solid state and

the Cl-Sn-Cl angles expanded. Noteworthy is the reduction of the C(1)-Sn-Cl(1)

angle and the expansion of the Cl(2)-Sn-Cl(3) angle; this gives the molecule a more

ideal tetrahedral geometry. ln regard to the theories, DFT produced the smallest C-

Sn-Cl angles but the largest Cl-Sn-Cl angles. The hybrid HF/DFT theory produced

the largest C-Sn-Cl angles but not the smallest C-Sn-Cl angles. Of all the theories,

HF with the 3-21G** basis set produced angles in closest agreement with the

crvstallooranhie results.
-'f-'.--'-9---r__--



(¡ii) Trimethyltin chloride (3)

Selected geometric parameters from X-ray crystallography [7], electron

diffraction [9], and ab initio molecular orbital studies for trimethyltin chloride are

listed in Table 3, and its geometry-optimised Structure is shown in Figure 3.

ln the solid state trimethyltin chloride is shown to be a polymeric structure of

form C1 - a 1-dimensional polymer with single bridging, with the chlorine atoms

bridging the units together through weak interactions of lengths 3.269(2) Å. This

leaves the tin centre in a distorted trigonal-bipyramidal geometry, including a

bridging chlorine atom [7]. The C-Sn-C angles are different from each other, but the

Cl-Sn-C angles are experimentally the same (except Cl(1)-Sn-C(2), and likewise

the Sn-C bonds. The angles diverge from the standard tetrahedral angle of 109-5' and

approach 120o, the ideal trigonal bipyramidal equatorial angle (average of

117.1(3). for trimethyltin chloride), as seen in Table 3. The molecules have C3u

symmetry.

ln the electron diffraction structure [9], the weak Sn"'Cl interactions that

create polymerisation in the solid state are lost, so that trimethyltin chloride

becomes monomeric. The sn-cl distances, cl-sn-c and c-sn-c angles become

equivalent, but the Cl-Sn-C and C-Sn-C angles are different. The molecule retains a

distorted from the tetrahedral geometry. The Sn-Cl bond length in the solid state, for

electron diffraction, and upon all optimisations are equivalent.

As seen with the previous molecules, there is overall greater symmetrisation

seen for the molecule in every optimisation because of the absence of crystal packing

effects. The DFT and the hybrid HF/DFT levels of theory produced the longest Sn-Cl

distances. The distances produced by this level of theory are experimentally longer

than the crystallographic and electron diffraction results. Exaggerations seen can be

attributed to the level of theory. Only the HF-Lanl2dz and the hybrid HF/DFT

+r^¡ayiaa nra¡I,¡¡a¿{ en-ôr rticran¡oc thât wêrê eouivalent to the distanceS OfoduCed by
Ll lçt/l lltÐ lJl vuvvvv vr I v¡ -' - - a-" - -- -

X-ray crystallography and electron diffraction.



cr(1)

c(3 ) c(2)

Sn

c(1)

Figure 3. Geometry-optimised structure of trimethyltin chloride



Table 3. Selected geometric parameters 14, deg.) for trimethyltin chloride derived from X-ray crystallography (X-ray) l7l, electron
diffraction (ED) [9], HF tevel of theory using the Lanl2dz basis set, and the 3-21G** basis set without and with polarisation funrctions

[Cl((r0.70)], HF-DFT (B3LYP) and DFT (BLYP) levels of theory using the Lanl2dz basis set.

Parameter X-ray ED

2.430(2\
2.121 (8)

2.126(7)
2.1oe(7)
1 00.6 (2)

ee.1 (2)

100.1 (2)

11e.8(3)
1 16.3(3)
1 15.2(3)

HF-Lanl2dz HF-3-21G** H F-3 -21G**
(+ polarisation)

2.40

2.18

2.18

2.18

105.1

1 05.1

1 05.1

113.4

113.4

113.4

HF-DFT
(B3LYP)

2.44

2.13

2.13

2.13

104.7

104.8

104.7

1 13.8

113.7

113.8

DFT
(BLYP)

2.46

2.15

2.15

2.15

104.8

104.8

104.8

113.1'

1 13.8

113.1'

Sn-
Sn-
Sn-
Sn-
cr(1)

cr(1)

cr(1)

c(1)

c(1)

c(2\

cr(1)

c(1)

c(2')

c(3)

- Sn - c(1)

- Sn - C(2)

- Sn - C(3)

- sn(1) - c(2)

- sn(1) - c(3)

- Sn(1) - c(3)

2.351 (7',)

2.1 06(6)
2.1 06(6)
2.1 o6(6)
103.2(6)
103.2(6)
103.2(6)
1 15(2)
1 15(2)
1 15(2)

2.42

2.12

2.12

2.12

104.6

104.6

104.6

113.9

113.9

113.9

2.40

2.18

2.18

2.18

1 05.0

1 05.0

105.0

113.5

113.5

1 13.5
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With respect to the Sn-C distances, the HF-Lanl2dz level of theory produced a

universal distance of 2.42 A, that being the closest to the value determined by X-ray

crystallography. lt is noteworthy that the shorter Sn-C distances are produced by the

HF level of theory and the 3-21G** basis set with and without polarisation (both

2.40 
^). 

The DFT and hybrid HF/DFT theories produced longer Sn-C distances (2.44

Å and 2.46 
^, 

respectively).

All theories produced symmetrical C-Sn-Cl and Cl-Sn-Cl angles (with only

minor differences in angles seen for hybrid HF/DFT and DFT). All theories produced

C-Sn-Cl angles that were greater than X-ray crystallography and electron diffraction

studies, with the polarised 3-21G** theory producing the largest C-Sn-Cl angles

(105'). Conversely, all Cl-Sn-Cl angles produced by optimisations were smaller

than the X-ray crystallographic values, but equivalent with those reported for the

electron diffraction study.

2.4 Conclusion

The three levels of theory, being HF, HF-DFT, and DFT yield essentially the

same geometric results, in that they produce structures with high degrees of

symmetry. Bond lengths (and angles) increase from the solid state, with DFT theory

and the HF theory with the 3-21G** basis set producing the longest lengths. These

increases in lengths seen for DFT and HF-3-21G** may be considered as limitations

in the theory itself. Conversely the HF-Lanl2dz theory-basis set is considered the

best for these molecules as the results produced are the most similar to the electron

diffraction and X-ray crystallography studies.

As a general conctusion, and consistent with the comparison between

experimental (i.e. crystallographically and electron diff raction-determined)

structures, the absence of crystal packing effects results in high symmetry

structures. Further, non-systematie variations in chemically equivalent qeometric

parameters are no longer evident in the gas phase-theoretical structures. These



results, inescapably point to the influence of crystal packing effects on molecular

geometry. The remaining chapters of this thesis examine the extent of this influence

on molecular geometry in several series of organotin systems.
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2.5 Appendix

Appendix Table 1. Calculated energy differences (kJ mol-t) between the
solid state (X-ray crystallography) and the gaseous phase (Optimised
Geometries) for tetramethyltin (1), methyltin trichloride (2), and
trimethyltin chloride (3).

321

HF (3-21G..)
HF (3-21G** + polarisation)
HF (Lanl2dz)
HF-DFT (B3LYP)
DFT (BLYP)

408.4
N/A

3 98.3
448.2
485.8

85.9
84.9

136.3
160.0
178.1

386.5
387.0
376.5
419.5
45 0.6

Appendix Table 2. Calculated energies (Hartrees) for tetramethyltin (1)'
methyltin trichloride (2), and trimethyltin chloride (3) both in the solid
(X-ray crystallography, X-ray) and gaseous phases (optimised
Geometries).

321

X-ray
HF (3-21G..)
HF (3-21G** + polarisation)

HF (Lanl2dz)
HF-DFT (B3LYP)
DFT (BLYP)

Optimised Geometry
HF (3-21G..)
HF (3-21G** + polarisation)

HF (Lanl2dz)
HF-DFT (B3LYP)
DFT (BLYP)

-7 408.537 4
-7 408.5433

-87.0 5 69
-88.2023
-88.0251

-7 408.57 04
-7 408. s760

-87 .1092
- 88.26 3 I
- 88.0 935

-657 2.49 05
-6572.4919

- 1 36.830s
-138.1205
-137.9641

-6154.2796
N/A

-161.5147
-162.8570
-162.6945

-6154.4365
N/A

-1 61.6677
- 1 63. 0292
-162.8812

-657 2
-6572
-136
-138
-1 37

3420
343 3
81 65
1110
7 910
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Chapter 3

Determination of Hypervalency and the
Comparative Studies of Monoorganotin

Trichloride Compounds Between the
Solid State and Gaseous Phase
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3.1 Introduction

X-ray crystallographic studies have recently been conducted to examine the

structure of monoorganotin trichloride compounds in the solid state.

Crystallographic studies of compounds such as (2-methoxy-S-methylphenyl)tin

trichloride [1], (2,6-dimethoxyphenyl)tin trichloride l2l, and y-chloropropyltin

trichloride [3] have shown the presence of intramolecular contacts existing between

the tin centre (a Lewis acid) and an electronegative donor atom (a Lewis base). These

electronegative donor atoms such as oxygen or chlorine atoms reside on the tin-bound

R substituent and if binding with tin can make tin hypervalent [1-3].

However, a question arises: are the Sn.'.donor atom interactions as well as

non-systematic variations in tin-ligand parameters caused by crystal packing effects

in the solid state or are they an inherent part of the molecule? The effects of crystal

packing on organotin compounds may influence the reasoning of their chemical and

theoretical properties [4].

The aim of the work described in this Chapter is to determine whether the

intramolecular interactions seen in the solid state are genuine interactions and not

influenced by crystal packing considerations. Ab initio molecular orbital calculations

were undertaken on these molecules as outlined in Chapter 2.

Moreover, several basis sets were used in order to show that the results

obtained are not a result of the peculiarities of a particular basis set. The molecular

geometries generated from ab initio molecular orbital calculations are compared to

literature X-ray crystallographic results to determine the existence, or not, of

hypervalent Sn"'O or Sn"'Cl interactions.

3.2 Experimental

The experimental protocol for Chapter 3 is as in Chapter 2, however,

nntarieatinn fnnetions were olaced uoon anv electroneqative atoms in the molecules:
- r'__- - - l



3'1

oxygen atoms had one set of d-type functions added ((d= 0.8), and chlorine as in

Chapter 2 [5].

3.3 ßesults and Discussion

A number of previous studies have used both crystallographic and theoretical

methods to determine the effects of intermolecular forces on molecular geometry [4,

6]. Adopting this approach allows the comparison of geometric parameters in the

solid and gaseous phases (X-ray crystallographic and theoretically calculated

structures, respectively), Differences between the two states can be attributed to the

effects of crystal packing found in the solid state, and from this, the influence of

crystal packing on molecular geometry can be determined.

lf, however, a shortened Sn...donor distance as seen in the solid state persists

after optimisation, then the contact is deemed to not have been an effect of crystal

packing or due basis sets. Therefore, in that circumstance, it can be said that the tin

centre exists in a hypervalent state.

As for Chapter 2, the HF level of theory with the Lanl2dz basis set is the most

appropriate basis set for the structures. However, in this Chapter (and Chapter 6),

attention will also be given to the HF level of theory with the 3-21G** basis set.

This is because polarisation can have a marked effect on the Sn"'donor atom distance.

(¡) (2-Methoxy-5-methylphenyl)tin trichloride (1)

Figures 1(a) and 1(b) show the structure of (2-methoxy-5-

methylphenyl)tin trichloride. Selected parameters from experimental literature

(X-ray crystallography t1l) and computational calculations undertaken are

presented in Table 1.

(2-Methoxy-5-methylphenyl)tin trichloride consists of approximately a

tetrahedral tin centre with three chlorine atoms attached to it, and a disubstituted

phenyl ligand attached through the þso-carbon.



cr(2)

cr(1)

cr(3)

c(1)
o(1)

Figure 1(a). Geometry-optimised structure of (2-methoxy-S-methylphenyl)tin
trich loride.

cr(1

cr(2)

cr(3)

o(1)

o(2)

Figure 2(a). Geometry-optimised structure of (2,6-dimethoxyphenyl)tin
trichloride.

Sn



Table 1. Selected geometric parameters (4, deg.) for (2-methoxy-5-methylphenyl)tin trichloride derived from X-ray crystallography

(X-ray) [1], and ab initio computational calculaiionJúsing iff ¡witn ine tanlz¿) basjs set, and the 3-21G** basis set without and with

potaríéaiión functions, o((60.a), Ct((¡0.70)1, and Hf-orr lrislve¡ and DFT (BLYP) levels of theory using the Lanl2dz basis set.

Parameter X-ray

2.316(2\
2 .317 (1 1)

2.276(11)
2.100(11)
2. B2o (3)

101.s(5)
105.8(5)
108.7 (2)

1o4.4(4)
116.6(1,6)
117.8(1,5)
161.8(2)

Lanl2dz

2.38

2.36

2.36

2.O7

2.63

103.8

103.8

1 06.5

107 .1

117 .O

117 .O

163.2

HF-3-21G**

2.37

2.35

2.35

2.13

2.43

101 .7

101.8

107.O

1 08.1

117 .9

117 .8

166.2

HF-3-21G**
(+ polarisation)

2.36

2.34

2.34

2.12

2.65

103.7

103.7

107.1

108.1

1 16.4

116.4

163.9

HF-DFT
(B3LYP)

2.40

2.39

2.39

2.O9

2.76

104.7

104.8

106.0

107.3

1 16.6

116.2

161.2

DFT
(BLYP)

2.42

2.41

2.41

2.11

2.88

105.2

105.2

1 05.9

107.3

1 16.0

1 16.1

159.7

Sn - Cl(1)

Sn - Cl(2)

Sn - Cl(3)

Sn - C(1)

Sn "' o(1)

Cl(1) - Sn

Cl(1) - Sn

Cl(1) - Sn

Cl(2) - Sn

Cl(2) - Sn

Cl(S) - Sn

Cl(1) - Sn

- ct(2)

- cr(3)

- c(1)

- cr(3)

- c(1)

- c(1)

" o(1)
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There is a distortion from the tetrahedral geometry in this molecule, that can

be related to several causes. Firstly, distortion from the ideal geometry arises from

a non-symmetrical ligand donor set around the tin centre. Secondly, distortion is

created by the incoming oxygen atom - that is, the presence of an intramolecular

Sn...O contact of length 2.820(3) A 1a bonO order of 0.07 [8] - see Table 5) is noted.

This distance fatts well within the sum of their van der Waals radii of 3.70 Å tgl'

The angles of Cl(2)-Sn-C(1) and Cl(3)-Sn-C(1) are significantly greater than

ideal tetrahedral angle due to the presence of the O(1) atom. lt is expected that the

angles would have similar magnitudes as they are in similar chemical environments.

The Cl(1)-Sn-C(1) angle, although not greater than the ideal tetrahedral angle, is

greater than other angles not mentioned. As a result, the structure seems to be an

intermediate between a tetrahedral and a trigonal bipyramidal structure. This is

evidenced by the axial angle of 161.8(2)" tcl(1)-sn"'o(1), if the axial occupiers

are O(1) and Cl(1)l c.f. the ideal axial angle of 180'. According to the authors of the

crystallographic study [1], the inability for the molecule to transform to a trigonal

bipyramidal structure is caused by the molecule's rigid structure preventing the

formation of a Sn-C-C-O four-membered ring.

As judged in Chapter 2, the HF level of theory was decided to be the best theory

for organotin systems, in particular combined with the Lanl2dz basis set. Hence,

generally, in the subsequent discussion the calculations involving the HF level of

theory will receive closer attention (including all basis sets used with it) than other

levels of theory.

Firstly, it should be noted that in the crystallographic study Sn-Cl(2) is

statistically equivalent to Sn-Cl(1) and Sn-Cl(3), but Sn-Cl(1) and Sn-Cl(3) are

distinct. When optimised under all levels of theory, Sn-Cl(2) and Sn-Cl(3) retain

their equivalence in length, but Sn-Cl(1) elongates. The lengths of Sn'Cl(2) and

sn=rila\ are evneçled to be the same -as the C(2) and C(3) atoms as they exist in
vll_v\v¡f s¡v vr\lrv\

similar chemical environments, whilst the Sn-Cl(1) bond is diagonally opposite the
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Sn'..O interaction and therefore is expected to be longer. The Sn-C(1) bond, on the

other hand, upon optimisation, under all levels of theory, has the same distance as the

length determined by X-ray crystallography.

Of greatest interest however is the Sn.'.O separation, At every level of theory

(except DFT), the Sn...O distance decreases from the solid state value [1] and most

strikingly so at the HF-3-21G** (unpolarised) level of theory to 2.43 Ã,' This is

well within 3.70 Å - the sum of the van der Waals radii for tin and oxygen [9] (bond

order 0.25, see Table 5). lt may be said that the great reduction in the distance from

the solid state may be due to the nature of the 3-21G** basis set, however, all

theories used (except DFT) show a reduction in this distance. The elongation under

DFT may be a shortfall of the theory; see also the extraordinarily long length of the

Sn-Cl and C-O bonds). Clearly, the reduction in the Sn"'O distance is real, and not an

effect of theory and/or basis set, nor is it a crystal packing effect, as ab initio

molecular orbital calculations simulate the gaseous phase, and the Sn"'O interactions

persists in the gaseous Phase.

cl (?)
CI 1 )

Sn
cr(3)

c (1 o( 1 )=-
CHs

H

Figure 1(b). A diagram of (1) showing the hypervalent
inleraction between the tin centre and the oxygen atom'

,,-i^- ^,, r^..^r^ ^. +râ^^,r, r^t/t\-Qn-lìl/2\ and lìllll-Sn-Cll3l beCOme
uf lugl all levvlù \,rl lllEvryr vr\ r/ vrr vr\Ê, -'\'/ -" - \ '

equal in magnitude, and cl(2)-sn-c(1) and cl(3)-sn-c(1) retain their
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approximate equivalence - indicative of their similar chemical environments. ln

general, however, there seems to be no dramatic change in the size of the angles

(compare with the molecules in Chapter 6, see later). The axial Cl(1)-Sn"'O(1)

angle reaches its maximum value with the 3-21G** basis set of 166.2" - still

distorted from the ideal axial angle. Therefore the structure still retains its solid

state geometry which owing to the presence of the intermediate hypervalent

interactions between tetrahedral and trigonal bipyramidal configurations.

(¡i) (2,6-Dimethoxyphenyl)tin trichloride (2)

Figures 2(a) and 2(b) show the geometric structure of (2,6'

dimethoxyphenyl)tin trichloride and Table 2 shows selected parameters for all the

theoretical models used and experimentally determined parameters [2]'

(2,6-Dimethoxyphenyl)tin trichloride has a tin centre bound to three

chlorine atoms. Further, it is bound to an ipso-carbon atom from a disubstituted

phenyl ring with two methoxy groups at positions 2 and 6. lt is through the two

methoxy oxygen atoms that tin hypervalently binds in the solid state [2] with bond

lengths of 3.20(1¡ n 1Sn.'.O(1); bond order 0.02) and 2.85(1) Ä (Sn"'O(Z); bond

order 0.06 [8]), where Sn"'O(2) is within their van der Waals radii (3'70 Ä Igl)'

Upon optimisation, changes in the structure are similar to those seen for the

first molecule. Thus, in the solid state all Sn-Cl bonds are of equal length. When

optimised, the DFT and the hybrid HF/DFT levels of theory produce a slightly shorter

sn-cl(2) bond, and equivalent and longer sn-cl(1) and sn-cl(3) bonds. The sn-

Cl(2) bond is approximately diagonally opposite the Sn"'O(1) interaction, and it is

unexpected that it is marginally shorter than other bonds. lt should be noted that bond

lengths produced by the DFT level of theory are much longer than other theories' The

hybrid HF/DFT level of theory also produces slight exaggerations in lengths. These

can be attributed to the level of theorv.



Table 2. selected geometric parameters (Ä, deg.) for (2,6-dimethoxyphenyl)tin trichloride derived from X-ray crystallography

(X-ray) [2], and ab initiocomputational calculationõ using'rir t*¡Û, the'úanl2ãz nas¡s set, and the 3-21G** basis set without and

with polarisation functions, 0((60.8), ct((¡0.70)1, and-HF-DiT (B3LYP) and DFT (BLYP) levels of theory using the with the

Lanl2dz basis set.

Parameter X-ray Lanl2dz H F-3-21 G**
H F-3-21 G**
(+ polarisation)

HF-DFT
(B3LYP)

DFT
(BLYP)

Sn - Cl(1)

Sn - Cl(2)

Sn - cl(3)

Sn - C(1)

Sn ." o(1)

Sn "'o(2)
cl(1) - Sn

Cl(1) - Sn

Cl(1) - Sn

Cl(2) - Sn

Cl(2) - Sn

Cl(3) - Sn

Cl(2)-Sn

- cr(2)

- cr(3)

- c(1)

- cr(3)

, c(1)

- c(1)

o(2)

2.31 1 (4)

2.2e3(5)
2.303 (3)

2.082(10)
3.20(1)
2.85(1)
102.8(1)
1o 4 .2(1)

113"2(3)
101.3(1)
118.4(4)
1 1 5.1 (3)

168 .7 (2)

2.37

2.36

2.37

2.O7

3.28

2.76

102.2

107.3

1 13.4

102.2

117 .1

1 13.4

171 .4

2.36

2.36

2.36

2.13

3.49

2.52

101.0

108.0

1 15.5

101 .0

114.1

1 15.4

171 .6

2.35

2.35

2.35

2.11

2.33

2.73

102.4

107.0

1 13.8

102.4

116.2

1 13.8

170.5

2.40

2.39

2.40

2.09

3.32

2.80

102.7

108.1

1 13.0

1 02.6

1 16.4

1 13.0

170.8

2.42

2.41

2.42

2.11

3.32

2.87

102.8

108.3

't 12.6

102.8

1 16.9

112.5

170.6
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As seen with the first molecule, the Sn...O(2) distance decreases with all

levels of theory, except DFT. Again, HF with the unpolarised 3-21G** basis set

produces the shortest Sn...O(2) distance of 2.52 A, of which the bond order is

calculated to be 0.19 t8l. However, as mentioned above, it can be said with

confidence that the interaction is real, and is, perhaps, somewhat strengthened in the

absence of crystal packing effects. The Sn"'O(1) contact seen in the solid state is not

maintained in the gaseous phase through optimisation, and therefore cannot be a

hypervalent interaction. The HF level of theory with the Lanl2dz basis set produces

the shortest Sn"'O(1) distance of 3.28 A.

cr(1)

,1.cr(3

HsC

-cl(?)

c(1

o( t ;- cHt

2G)

Figure 2(b). A diagram of (2) showing the hypervalent
interaction between the tin centre and the oxygen atom'

Unlike the first molecule, there are in the solid state three angles that are

greater than the standard tetrahedral angle, i.e. Cl(1)-Sn-C(1), Cl(2)-Sn-C(1)'

and cl(3)-sn-c(1). These angles are also greater than the standard tetrahedral

angle after optimisation using all levels of theory. Cl(1)-Sn-Cl(3) increases in

magnitude, although not to a size greater than the standard tetrahedral angle'

Nevertheless, this structure may appear more trigonal bipyramidal in geometry than

--r -^r--..r- ..,:¡L '^t/{\ r,ìr/e\ an{ L11\ dafininn thc triOOnal olane. The
Ing llf st f llulcuulu' wll'll tJl\ l,rr vr\v¡l' qrrv v\ ""v -"- -"r -
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ax¡al angle of Cl(2)-Sn..'O(2) is 168.7(2)'in the solid state, and its maximum

value ol 171.6o is obtained with the 3-21G** basis set.

(iii) y-Chloropropyltin trichloride (3)

Figure 3 shows the optimised structure of y-chloropropyltin trichloride and

Table 3 shows selected parameters for all the theoretical models used and the

experimentally determined parameters [3].

y-Chloropropyltin trichloride differs from the two previous structures as it

has no oxygen atom capable of forming hypervalent interactions. The tin atom is

bound to three chlorine atoms and to an n-propyl chain through a carbon atom. The

n-propyl chain has a chlorine atom, Cl(4), attached to the terminal carbon. The

range of Sn-Ct bond distances is 2.g14(4) ICI(1)l Ä to 2.336(4) A ICI(3)l

suggesting that there is evidence for the elongation of the Sn-Cl(3) bond distance, the

relatively high errors notwithstanding. The Sn-Cl(1) and Sn'Cl(2) bond lengths are

equivalent and are expected to be similar because they exist in similar chemical

environments.

All bond angles involving C(1) are significantly larger than the other

tetrahedral angles which is most likely caused by the bulk of the n-propyl ligand'

ln the solid state, 1-chloropropyltin trichloride is shown to have a

hypervalent Sn...Cl(4) interaction [3], with a length ol 3.279(4) n (bond order

O.O5), within the Sn-Cl van der Waals sum of radii (3.90 Å) tgl'

lntermolecular interactions between tin centres and Cl(2) atoms further

contribute to the deviation of the molecule from the ideal tetrahedral structure. The

intermolecular Sn...Cl(2) interaction has a distance of 3.820(5) ,4.

Upon optimisation, unlike the previous two molecules, the distance between

the tin centre and Cl(4) increases. The HF-3-21G** basis set produces the shortest

intramotecular Sn...Cl(4) distance of 3.28 Å. lt is possible to conclude that the

,'hypervalent interaction" observation in the solid state may be indeed due to crystal



cr(2)

cr(1) cr(3)

Sn

cr(4)

c(1)

Figure 3. Geometry-optimised structure of y-chloropropyltin trichloride



Table 3. Selected geometric parameters (Ä, deg.) for 1-chloropropyltin trichloride derived from X-ray crystallography (X-ray)

[3], and ab initio corñputational calculations'using fff twiin the Lanl2ðz basis set, and the 3-21G.* basis set without and with

þóiarisation functions, Cl((r0.70)1, and HF-DFi(B3LVP) and DFT (BLYP) levels of theory using the with the Lanl2dz basis set.

Parameter X-ray

2.314(4)
2.32o(4)
2.336(4)
2.1 44(13)
3 .27 e(4)

104.e(2)
ee.e(3)

115.3(6)
100.8(2)
120 .7 (7',)

1 12 .4(5)

Lanl2dz

2.36

2.35

2.37

2.12

3.43

109.9

104.4

113.9

103.6

1 18.5

104.8

HF-3-21G*.

2.35

2.34

2.36

2.17

3.28

109.5

103.5

11 4.9

102.6

119 .7

104.4

HF-3-21G**
(+ polarisation)

2.34

2.34

2.36

2.17

3.29

109.5

1 03.6

1't 4.8

102.8

1'19.4

104.6

HF-DFT
(B3LYP)

2.39

2.39

2.40

2.14

3.35

110.7

104.5

1 13.4

103.3

119.6

103.3

DFT
(BLYP)

2.42

2.41

2.43

2.16

3.41

1 10.9

104.7

1 13.4

103.4

119.6

102.7

Sn-
Sn-
Sn-
Sn-
Sn"
cr(1)

cr(1)

cr(1)

cr(2)

cr(2)

cr(3)

cr(1)

cr(2)

cr(3)

c(1)

cr(4)

-Sn
-Sn
-Sn
-Sn
-Sn
-Sn

- cr(2)

- cr(3)

- c(1)

- cr(3)

- c(1)

- c(1)



37

packing effects. However, the separation still is within the sum of the van der Waals

radii. Other striking changes are the reduction in the Cl(3)-Sn-C(1) angle and the

increase of the Cl(1)-Sn-Cl(2) angle. Upon optimisation, Sn-Cl(1) and Sn-Cl(2)

retain similar bond lengths, and Sn-Cl(3) elongates despite the Sn"'Cl(4)

interaction weakening in the gaseous phase.

Table 5. A summary of Sn"'Cl or Sn"'O hypervalent interactions (A) for (Z-

h ide (1 ), (2,6-dimethoxyphenyl)tin
n oride (3 auling bond

8 crYstallo d ab initio
s using z basis set,

* with po O((¿=0.8),

cl((¡0.70)1, and HF-DFT (B3LYP) and DFT (BLYP) levels of theory using the

Lanl2dz basis set.

321

Y
Sn"'Y(X-ray)
Sn"'Y(Lanl2dz)
Sn "'Y(3-21 G**)
Sn"'Y(3-21G*' + polarisation)

Sn"'Y(B3LYP)
Sn"'Y(BLYP)
B.O.(X-ray)
B.O.(Lanl2dz)
B.O.(3-21G*.)
B.O.(3-21G.. + polarisation)

B.O.(83LYP)
B.O.(BLYP)

o
2.820 ( 3 )

2.63
2.43
2.65
2.76
2.88
0.07
0.13
0.25
0.12
0.08
0.06

o
2.85(1)
2.76
2.52
2.73
2.80
2.87
0.06
0.09
0.1 9
0.09
0.07
0.06

cl
3 .27 e(4)
3.43
3.28
3.29
3.35
3.41
0.05
0.03
0.05
0.05
0.04
0.03

3.4 Conclusion

ln general, Sn."O interactions in the monorganotin chloride systems from the

solid to the gaseous state are retained or even strengthened. This indicates that these

are bona fide interactions as opposed to being the result of crystal packing effects in

the solid state or basis set effects associated with the theoretical calculations'

However, for y-chloropropyltin trichloride, the Sn"'Cl intramolecular interaction is
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probably caused by crystal packing effects. Moreover, it is observed that the systems

become more symmetrical in the gaseous phase, and this is most likely caused by the

absence of intermolecular interactions.

The theme of examining the persistence of intramolecular hypervalent

interactions is explored further in Chapter 6. ln Chapter 4, the emphasis concerns

the influence of intermolecular Sn"'Cl interactions on molecular geometry.
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3.5 Appendix

Appendix Table 1. Calculated energy differences (kJ mol-t¡ between the
solid state (X-ray crystallography) and the gaseous phase (Optimised
Geometries) for (2-methoxy-5-methylphenyl)tin trichloride (1)' (2,6-
dimethoxyphenyl)tin trichloride (2), and y-chloropropyltin trichloride
(3).

321

rl

HF (3-21G..)
HF (3-21G** + polarisation)
HF (Lanl2dz)
HF/DFT (B3LYP)
DFT (BLYP)

381 .

37 4.
373.7
369.2
371.9
437.5
489.8

0
1

8
7
9

380
439
485

261 .2
262.9
265.1
301.8
329.0

Appendix Table 2. Calculated energies (Hartrees) for (2-methoxy.-S-
methylphenyl)tin trichloride (1), (2,6'dimethoxy-phenyl)tin trichloride
(2), ând y-chtoropropyltin trichloride (3) both in the solid (X-ray
òrystallography, X-ray) and gaseous phases (Optimised Geometries).

321

X-ray
HF (3-21G..)
HF (3-21G** + polarisation)

HF (LANL2DZ)
HF/DFT (B3LYP)
DFT (BLYP)

Optimised Geometry
HF (3-21G*.)
HF (3-21G** + polarisation)

HF (LANL2DZ)
HF/DFT (B3LYP)
DFT (BLYP)

-77 49.995 1

-77 50.0 3 25
-430.3044
-433. 6216
-433.302 3

-77 50. 1 41 5
-7750.1762
-430. 4507
-433.7905
-433.4889

-7824
-7824

-505
-508
-508

4357
5089
1 338
81 85
4943

-7 942.9435
-7942.9522
-17I .1 664
-181.0991
- 1 80.8306

-782
-782

-50
-50

793
s08
767
865

-7 943
-7943

-17 I
-181
-180

043 9
05 32
2682
21 50
9569

4.5
4.6
5.2
8.9

-5 0 8.6825
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Chapter 4

Comparative Studies of Diorganotin
Dichloride Compounds Between the

Solid State and the Gaseous Phase
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4.1 lntroduction

Organotin chloride compounds show great variation in structure, and are often

considered as a middle ground between the bridging fluorine compounds and

monomeric heavier halogen counterparts. Below is the commonly used taxonomic [1]

table of the organot¡n(lv) compounds reproduced from Chapter 1 of this dissertation.

This designation will be used in this thesis:

A. Monomer
B. Oligomer

1. Dimer
2. Trimer
3. Tetramer
4. Higher

C. 1-Dimensional Polymer
1 . Singly-bridged
2. Doubly bridged

a. chelated
( i ) isobidentate
( i i) anisobidentate

b. symmetricallY bridged
c. asymmetricallY bridged

D. 2-Dimensional PolYmer.

ln the solid state, a diorganotin dichloride compound can bridge through its

chloride anions to form hypervalent interactions (see Figure 1 for some examples).

Bridging can involve one or two Sn...Cl intermolecular interactions. ldeally, a tin

centre with one Sn...Cl interaction is penta-coordinated with a geometry approaching

a trigonal bipyramidal configuration. ln the same Way, a tin atom with two Sn"'Cl

interactions is hexa-coordinated with a geometry approaching an octahedral

configuration. The Lewis acidity of the tin centre determines the strength of bridging

that will be present. This acidity is moderated in part by the electron-withdrawing

power of the R groups attached to the tin centre.

There is speculation as to whether bridging exists in the solid state, as the

coordination compounds often do not have convincing distortions in angles and
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significant increases in bond distances to match a given structure type in the

summary table above.

¡:: ., 
.

\-''

cl

CH

<-

+F

ctl

cHs
Hsc (a)

SnSn

3 CHa

t)
F F F

CHs

F

cl--"

cHs

/
F-sn- +

F

cHg

cl\.-

F F

(b)

..*ùcl
c

-€clhr,,. cl-"- Clttr,. CVt,. ct- - -'

(c)

Figure 1. Above are examples of diorganotin dihalide compounds and their Sn"'X
iniermolecular hypervaleni interactions in the solid state. Figure 1(a) is
dimethyltin dichloiide. This molecule forr s a C2b structural motif with symmetric

bridging distance of 3.54(2) Ä tel. Figure 1(b) is dimethyltin difluoride. This

molecule forms a C1 structural motif with òymmetric OriOging of 2'12 
^ 

in

perpendicular directions l2l. Figure 1(c) is dicyclohexyltin dichloride.
'Dicyclohexyltin 

dichloride foims a Ci structure with single bridging distance of

3.54(2) Ä, however this is in dispute [20].

f)fran comnarative analvses made between these systems are said to be
vrtvrrr '-') --- "''-- -

invalid, as the structures are really tetrahedral [2] and deviations from ideal
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geometr¡es can be attributed to packing forces and/or steric effects as can be

determined decisively for monomers [3]. However, it is not known what the angles

for a non-distorted R2SnCl2 molecule in the solid state should be. Thus, making

assertions about the existence of crystal packing effects can be problematic [1].

lnfrared studies show that stretches, bending, and lR-band frequency shifts

for alkyltin halides are a function of temperature - this is indicative of some form of

association [4]. NMR studies of the solid and solution state show a small but

significant effect dependent on the phase [5].

The aim of the work described in this Chapter is to ascertain the nature of the

tin atom coordination geometries in a series of diorganotin dichloride compounds of

the general formula R2SnCl2 in the absence of (putative) hypervalent Sn"'Cl

interactions.

4.2 Experimental

Calculations in this Chapter were undertaken using the HF, hybrid HF/DFT,

and DFT level of theory with the Lanl2dz basis set. See Chapler 2 for the

experimental protocol. Further, Natural Population Analyses (NPA) were employed

on each HF optimisation for each structure [6].

4.3 Flesu/ts and Discussion

The authors of I t7l (see below molecule 8) insist that hypervalent

interactions will create greater distortion than steric effects exerted by the tin-

bound substituents. Hypervalent interactions will transform a molecule from a

tetrahedral geometry to either a trigonal bipyramidal or an octahedral geometry'

Minor distortions, they insist will not be enough to justify the presence of

hypervalent interactions. Likewise, the authors of 9 [1] state that deviations from

steric hindrance can not be used to confirm or deny single or double intermolecular

interactions in the solid state. ln the following, a series of ten diorganotin dichloride
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compounds of the general formula R2SnCl2have been optimised employing

computational methods. The results are discussed in the context of hypervalent

interactions, i.e. intermolecular Sn...Cl interactions, and emphasis will be given to

the HF level of theory.

(i) Dimethyltin dichloride (1)

Table 1 lists selected parameters for 1 determined from X-ray

crystallography l2l, electron diffraction 112J, and geometry optimisations, and

Figure 2 shows the geometrically optimised structure.

ln the solid state [2], the Sn-C bonds are of equal length ol 2.21(8),Â, as are

the Sn-Cl bonds (2.40(4) Å¡ nut the high errors associated with these parameters

are noted. The angle of Cl(1)-Sn-C(2) at 93(2)'is small, compared with the

standard tetrahedral angle of 109.5". The C(1)-Sn-C(2) angle is wide prima facie,

but the large errors are, again, noted. The Cl-Sn-C angles are within experimental

error of 109.5". Differences in angle size can be attributed to the size differences in

the ligand donor set. ln the solid state, the molecule appears to be symmetrical but

errors in the crystallographic study are large.

The tin centres in 1 are thought to interact in an intermolecular fashion with

two chloride anions. The two Sn"'Cl distances are of equal length - 3'54(2) A, as a

result forming a C2b type structure in the crystal. This distance is under the

assumed sum of their van der Waals radii of 3.90 Å t8l. ln the proposed polymeric

structure the tin and chloride anions are coplanar, with the methyl groups above and

below the plane. Polymeric chains formed are parallel with the a-axis of the

crystallographic unit cell. These chains do not have collinear tin atoms, but the tin

atoms form a zig-zag type confirmation with the bridging chloride anions. Mössbauer

spectra have been interpreted to show that dimethyltin dichloride does have extended

nntr¡mari¡ norrrrnrkc rmirh dnrhlc hridnino t2.9. 1Ol. However. thg aUthOrs believed
Pvryrr¡grrv rref rrvr -"-v"'J L-, '' ¿

[2] that 3.54(2) Â is too long to result in any significant Sn"'Cl interactions, but
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Table 1. Selected geometric parameters (4, deg.) for dimethyltin dichloride_from X-ray crystallography

(X-ray) [2], electron diffraction (eo) [12], HF, HF-Orr (B3LYP) and DFT (BLYP) levels of theory using

the Lanl2dz basis set.

Parameter X- ray ED

2.10e(e)
2.10e(e)
2.327 (4)

2.327 (4)

107.5(3.e)
109.8(1 .2)

10e.8(1.2)
10e.8(1.2)

10e.8(1.2)
128.1.

HF-DFT
(B3LYP)

2.12

2.12

2.41

2.41

107 .1

106.8

106.8

106.9

106.9

121 .6

DFT
(BLYP)

2.13

2.13

2.43

2.43

1 07.5

1 06.8

106.8

106.9

1 06.9

121.4

HF

Sn - c(1)

Sn - C(2)

Sn - cl(1)

Sn - cl(2)

Cl(1) - Sn

Cl(1) - Sn

Cl(1) - Sn

Cl(2) - Sn

Cl(2) - Sn

C(1) - Sn

- cr(2)

- c(1)

- c(2)

- c(1)

- c(2)

- c(2)

2.21 (8)

2.21(8)
2.40 (4)

2 .40 (4)

e3(2)
10e(5)
10e(5)
1oe(5)
10e(5)
124(5)

2.11

2.11

2.39

2.39

106.4

107.0

107.0

1 07.0

1 07.0
't21.8

' This is an estimation of the angle
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they also believed the distortion seen in the structure is too great to be caused by

crystal packing effects alone. The authors further suggested that the tin centre's

environment distorts considerably from a tetrahedral geometry to an octahedral

geometry. Several studies have shown that intra- and inter-molecular Cl"'H

interactions can be structure determining and may explain non-systematic variations

in Sn-Cl parameters [11].

A wide range for the sum of the van der Waals radii for chlorine and hydrogen

atoms have been speculated from 2.90 Ä to g.gS A, but it shall be set at 3.10 Ä t2l.

Table 1O lists all Cl...H intermolecular interactions under 3.10 A t101. 1 undergoes

the greatest number of and shortest Cl..'H intermolecular interactions of all

compounds, its small size probably promoting these interactions' The Cl"'H

intermolecular interactions found for the two chloride anions of 1 are symmetrical.

Electron diffraction [12] of 1 shows the Sn-C bonds to be equal at 2'109(9)

A, which is experimentally equivalent to the crystallographic value of 2'21(8) A, as

is the Sn-Cl bond length of 2.327(4) A to its solid state value ot 2AO$) i+' The

Cl(1)-Sn-Cl(2) angle in the electron diffraction study has opened up significantly in

comparison to that of the solid state structure, with an angle of 107.5(3'9)'' Ïhe

angle of c(1)-sn-c(2) has been estimated at 128.1o and is equivalent with the solid

state value (n.b.: the authors of the electron diffraction study did not include this

value in their paper and hence, it has been estimated here)' The electron diffraction

study of 1 revealed a more regular tetrahedral geometry than in the solid state' This

is expected as there would be no intermolecular interactions in the gaseous phase to

distort the geometry. The molecule has a mirror plane running through the two

chloride anions, and another mirror plane through the two methyl groups' Each

methyl group has three-fold symmetry'

parameters generated from the ab initio molecular orbital calculations (in

resemble those f rom the electron diff raction andna rlia¡ rla r l-.1 tr\ eloselv
lJq, ¡¡vvre¡ ". r

crystallograPhic studies. The lengths of both Sn-G bonds are the same (2'11 A)' as
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are Sn-Cl bond lengths (2.39 Å¡, and the Cl-Sn-C angles have equalised to 107.0o,

slightly less than 109.5'. The Cl(1)-Sn-Cl(2) angle of 106.4'is slightly narrower

than the Ct-Sn-C angles. The C(1)-Sn-C(2) angle is still considerably wider than

the other angles, being 1 21.8", and is similar to the solid state value. Therefore, in

the gas phase the size of the R groups may still present some steric hindrance [for

example see C(1)-Sn-C(2)1, but the dramatic increase in the Cl(1)'Sn-Cl(2)

angle may be an indication of some form of bridging that existed in the solid state

structure. Bond lengths and lhe Cl(1)-Sn-Cl(2) angle increase using the HF'DFT

theory, even more so with the DFT theory; this may be inherent in the nature of the

level of theory [13].

(ii) Diethyltin dichloride (2)

Table 2 lists selected geometric parameters for 2 determined from X-ray

crystallography t14l and geometry optimisations, and Figure 3 shows the

geometrically optimised structure.

ln the solid state [14], this structure shows distortion from tetrahedral

geometry. The Sn-C distances are equivalent, as are the Sn-Cl distances. The trend

seen here is the same as that in the previous structure, where Cl(1)-Sn-Cl(2) is

96.0(1)., C(1)-Sn-C(2) is 134.0(6)'(greater than seen in 1), and the cl'sn-c

angles all are narrower than the ideal tetrahedral angle. The Cl-Sn-C angles are

within experimental error of those seen in 1.

The carbon atoms of the ethyl groups are planar but not crystallographically

imposed. The tin centre associates with another tin centre in double bridging

involving two chtoride anions, with lengths of 3.44(1) Å and 3.48(1) A t14l' These

values are within the assumed van der Waals sum of 3.90 Ä. The bridging units form

a polymeric chain (type c2c) with the chain running parallel to the a-axis of the

crystallographic unit eell [7]. The bridging distances for 1 are greater than for 2

(3.54(2) Å for 1 compared with 3.461(4) A (mean) for 2\. The authors argued



Table 2. Selected geometric parameters (Å, deg.) for diethyltin diclloride.from X-ray

crystallography (X-rãy) [14], "nd 
HF, HF-DFT (AiLVp) and DFT (BLYP) levels of theory using

the Lanl2dz basis set.

Parameter X-ray HF
HF-DFT

(B3LYP)
DFT

(BLYP)

Sn - C(1)

Sn - C(2)

Sn - Cl(1)

Sn - Cl(2)

cl(1)-sn-cl(2)
cl(1)-Sn-c(1)
cl(1) - Sn - C(2)

cl(2) -Sn-C(1)
cl(2) -sn-C(2)
c(1)-sn-c(2)
c(1) -sn-C(2)-c(4)
c(2) -sn-c(1) -c(3)

2.167(15)
2.132(13)
2.38 5 (3)

2.384(4)
e6.0(1)

105.4(4)
105.4(4)
106.3(4)
105.4(4)
134.0(6)
178(3)
17s(5)

2.12

2.12

2.40

2.40

1 05.8

106.8

106.8

106.8

106.8

122.9

180.0

180.0

2.1 4

2.1 4

2.42

2.42

106.6

106.4

106.3

106.4

106.4

123.7

- 1 80.0

180.0

2.16

2.16

2.44

2.44

1 06.9

106.5

106.5

1 06.5

1 06.5

123.1

-180.0

180.0
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that [14], on the basis of these additional interactions, the tin centre exists in a

distorted octahedral environment. lt seems more likely so in 2 than in 1: (i) the

deviations from the ideal tetrahedral angle are greater, (ii) differences between

angles are more pronounced, and (iii) the Sn"'Cl intermolecular distances are

sho¡1er despite 2 having bulkier R groups.

The two chloride anions have approximately symmetrical Cl"'H

intermolecular interactions; and compared to 1, it has fewer Cl"'H interactions. Ïhe

Cl'.'H interactions are approximately symmetrical for the tin centres. This is most

likely caused by the bulk of the ethyl groups (see Table 13)'

ln the theoretical gas phase structure, the carbon atoms of the ethyl groups

retain their planarity, and the two Sn-C and the two Sn-Cl bonds are of equal length

e.12 
^ 

and 2.40 Ä, respectively). The Sn-Cl(1) distance has expanded, but Sn-

C(1) has significantly decreased in length. These changes may be indicative of 2

becomíng more tetrahedral in geometry rather than distorted octahedral geometry as

tound in the crystal structure. The Cl(1)-Sn-Cl(2) angle significantly opens from

the solid state to the value of 105.8" (HF), but is slightly narrower than 106.8", the

angle for all the Cl-Sn-C angles. The C(1)-Sn-C(2) angle closes but, still has a

magnitude greater than the cl-sn-cl angles, i.e. 122.9" c.f. 106.8", respectively.

The pronounced size of c(1)-sn-c(2) may simply be due to steric hindrance and its

reduction due to the removal of crystal packing effects, i.e. hypervalent sn"'cl

interactions. These trends seen in the results from HF optimisation are also observed

in the two other levels of theory but, again, DFT produces the longest bond lengths

1121.

(i¡i) Diisopropyttin dichloride(3)

Table 3 lists selected geometric parameters for 3 determined from X-ray

¡rrrcraltnnranhv Il Sl and oeometrv optimisations, and Figure 4 shows the
I - -¡

geometricatly optimised structure.
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Figure 5. Geometry-optimised structure of dibutyltin dichloride



Table 3. Selected geometric parameters (4, deg.) for diisopropyltin dichloride from X-ray

crysta¡ography (X-rãy) [15], and HF, HF-DFT (B3LYP) and DFT (BLYP) levels of theory using

the Lanl2dz basis set.

Parameter X-ray

2. 1 37 (5)

2.13e(5)
2.36e ( 1 )

2.357(1)
e5.2e(5)
107.2(1)
106.4(1)
102.1(1)
102.1(1)
1 36. 1 (2)

HF

2.14

2.14

2.40

2.40

105.8

105.9

1 05.9

106.6

106.6

124.8

HF-DFT
(B3LYP)

2.16

2.16

2.43

2.43

106.7

1 05.3

1 05.3

1 06.7

106.7

124.9

DFT
(BLYP)

2.18

2.18

2.45

2.45

107.3

106.6

106.5

105.5

105.5

124.2

Sn - C(1)

Sn - C(2)

Sn - Cl(1)

Sn - Cl(2)

Cl(1) - Sn

Cl(1) - Sn

Cl(1) - Sn

Cl(2) - Sn

Cl(2) - Sn

c(1) - Sn

- cr(2)

- c(1)

- c(2)

- c(1)

- c(2)

- c(2)
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ln the solid state [15], the Sn-C bond lengths are equal in length within

experimental error. There is a difference in length of the two Sn-Cl bonds, where

Sn-Cl(1) is the significantly longer at 2.369(1¡ Å tnan Sn-Cl(2) at 2.357(1) Ä.

The authors of the crystallographic study attribute the difference in primary Sn-Cl

bond lengths to hypervalent Sn...Cl interactions. A supposed Sn"'Cl interaction is of

length 3.308(1) A, and is vectorially opposite to the Sn-Cl(1) bond (hence it being

elongated). There is a questionable second interaction of length 3.818(1) A

(symmetry operation: x, y, -z). However, the authors concluded no hypervalent tin

centre existed despite both Sn...Cl intermolecular interactions being within the sum

of the van der Waals radius of 3.90 Å. Further, the authors concluded that the

structure has a distorted tetrahedral geometry. The continuous pattern emerges with

Cl(1)-Sn-Cl(2) being the smallest angle at 95.29(5)'and the C(1)-Sn-C(2) angle

being the greatest at 136.1(2)'. The Cl(2) atom forms more Cl"'H intermolecular

interactions than Cl(1) (see Table 13).

The molecule in the gaseous phase had mirror symmetry running through the

Cl(1)-Sn-Cl(2) chain, as evidenced by the equivalence of the Cl(1)-Sn-C(1) and

cl(1)-sn-c(2) angles, and the cl(2)-sn-c(1) and cl(2)-sn-c(2) angles in the

HF, and the hybrid HF/DFT levels of theory. DFT has approximate symmetry between

the angles mentioned above.

However, the molecule was deliberately perturbed to have symmetry running

through the (propyl carbon)-Sn-(propyl carbon) chain for all levels of theory. The

perturbation yielded a less energetically stable structure for HF and B3LYP levels of

theory than the unsymmetrical structure, but a more stable structure for the BLYP

level of theory than the unsymmetrical structure.

ln the gaseous phase, Sn-C bonds have the same lengths (2.14 A; HF),

equivalent to the solid state values. The Sn-Cl bonds have expanded significantly

compared to the solid state values, to 2.40 
^. 

The Cl(1)-Sn-Cl(2) expands

significantly to 105.8" and C(1)-Sn-C(2) decreases greatly lo 124'8"' For C(1)-
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Sn-C(2), it is thought that crystal packing effects or even hypervalent interactions

may have increased its size but steric hindrance plays a part as the large size is

maintained in the gaseous phase. The Cl-Sn-C angles become more symmetrical, with

cl(1)-Sn-c(1), cl(1)-sn-c(2) significantly decreasing, and cl(2)-sn-c(1) and

Cl(2)-Sn-C(2) significantly increasing.

The same trend as before is seen for the other levels of theory, where DFÏ

produces the most elongated values for bond lengths.

(iv) Dibutyltin dichloride (4)

Table 4 lists selected geometric parameters for 4 determined from X-ray

crystallography t16l and geometry optimisations, and Figure 5 shows the

geometrically optimised structure.

From the crystallographic study [16],4 has two Sn-C bonds of the same

length (Sn-C(1) is 2.113(17) A and Sn-C(2) is 2.135(16) Ä1. The Sn-Cl(1)

bond is 2.972(5) A and the sn-cl(2) bond is 2.388(5) Å. These are similarly

equivalent and both longer than the standard Sn-Cl bond length oÍ 2'29 n ¡tZ1' The

angle of Cl(1)-Sn-Cl(2) is 97.2(3)" and C(1)-Sn-C(2) is wider at 132'1(7)"'

The Cl-Sn-C bond angles are experimentally equivalent in size but below the standard

tetrahedral angle.

The structure of 4 is thought to form 1-dimensional polymeric chains

running parallel with the b-axis. The crystallographic authors suggested that the tin

centres exist in a distorted octahedral environment similar to that of Et2SnCl2[2,

141. However because of the size of the R groups and the influence of crystal packing

effects, the authors alternatively suggested that 4 exists in tetrameric units (C2c

type structure) with the outer tin centres being penta-coordinated and the internal

centres being hexa-coordinated [18, 19]. The bridging distances are 3'544(5) Å and

3 51415\ Å. fnotn within the sum of the van der Waals radii), with the Sn-Cl(2)
\v¡|,¡\vvrl'



Table 4. Selected geometric parameters (4, deg.) for dibutyltin dichloride from X-ray

crystailography (X-rãy) [16], and HF, HF-DFT (B3LYP) and DFT (BLYP) levels of theory using

the Lanl2dz basis set.

Parameter X-ray

2.135(16)
2.1 13(171

2.37 2(5)

2.38I (5)

e7.2(3)
106.3(4)
104.s(4)
105.8(4)
1 05.3(4)
132.1 (7 )

-177(3)
178(3)

HF

2.12

2.12

2.40

2.40

1 05.8

1 06.8

106.9

106.9

1 06.8

122.6

- 1 80.0
-180.0

HF-DFT
(B3LYP)

2.13

2.13

2.42

2.42

106.5

106.4

106.4

1 06.4

106.4

123.6

180.0

-180.0

DFT
(BLYP)

Sn-
Sn-
Sn-
Sn-
cr(1)

cr(1)

cl(1)

cr(2)

cr(2)

c(1)

c(3)

c(4)

c(1)

c(2)

cr(1)

cr(2)

- Sn - Cl(2)

- Sn - C(1)

- Sn - C(2)

- Sn - C(1)

- Sn - c(2)

- Sn - C(2)

- c(1) - Sn - C(2)

- c(2) - Sn - C(1)

2.15

2.15

2.45

2.45

106.9

106.5

106.5

106.5

1 06.5

123.2

- 1 80.0
180.0



60

bond being translo the shorter secondary bond. Table 13 shows that the two chloride

anions of 4 have approximately symmetrical Cl"'H intermolecular interactions.

Upon optimisation, there is symmetrisation, such that there is a mirror plane

running through the two chloride anions, another mirror plane running through the

carbon atoms of the two butyl groups (see Figure 5), and a two-fold axis through tin

so that the tin centre has mm2 symmetry. The Sn-C bonds are equivalent with the

solid state values within experimental error, but have symmetrised lo 2.12 i+. The

Sn-Cl bonds have symmetrised to a distance of 2.4O A, but Sn-Cl(1) has significantly

expanded, and Sn-Cl(2) not so drastically (indicating possible Sn"'Cl intermolecular

interactions). The cl(2)-sn-cl(1) angle has significantly opened from 97.2(3)' to

1OS.B" and C(1)-Sn-C(2) has significantly closed from 132.1(7)' lo 122'6"- This

may be an indication of steric effects.

Similar parameters can be gained from other levels of theory but there are

significant increases in the Sn-C and Sn-Cl distances.

(v) Ditertbutyltin dichloride (5)

Table S lists selected geometric parameters for 5 determined from X-ray

crystallography t15l and geometry optimisations, and Figure 6 shows the

geometrically optimised structure.

The two sn-c bonds are of the same length within experimental error (sn-

C(1) is 2.151(4) Ä and Sn-C(2) is 2.149(4) A) [15], as are the two Sn-Cl bonds

[2.394(1¡ Â tor Sn-Cl(1) and 2.335(1) Ä for Sn-Cl(2)]' The equivalence of the

bond lengths may reflect the absence of any Sn"'Cl intermolecular contacts under the

sum of the van der Waals radii of 3.90 A, the closest being 4'640(2) A (symmetry

operation: -x, 1-y,2-z). The tin atom exists in a distorted tetrahedral geometry'

Notwithstanding that there are no sn"'cl interactions, there are some cl"'H

inr¡vaariano r¡rirh Qnll\ rndernoind more and shortef Cl"'H contaCts.
ll ltEl qvl¡vl l9r lY rrr I v¡ r\ I v-" 'w "'-
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Figure 7. Geometry-optimised structure of diphenyltin dichloride.



Table 5. Selected geometric parameters (Ä, deg.) for ditertbutyltin dichloride from X-ray
crystallography (X-rãy) [15], and HF, HF-DFT (B3LYP) and DFT (BLYP) levels of theory using the
Lanl2dz basis set.

Parameter X-ray

2.151(4)
2 .1 4e (4)

2.334( 1 )

2.335(1)
101.86(5)
104.7 (1\

104.0(1)
105.2(1)
1 04.3 (1 )

1 33.1 (2)

HF-DFT
(B3LYP)

2.18

2.18

2.43

2.43

106.6

1 05.7

105.7

1 05.7

1 05.7

126.2

DFT
(BLYP)

2.21

2.21

2.46

2.46

1 06.8

105.7

105.7

105.7

1 05.7

125.9

HF

Sn - C(1)

Sn - c(2)

Sn - cl(l)
Sn - Cl(2)

cl(1) -Sn-Cl(2)
cl(1)-Sn-C(1)
c1(1) - Sn - C(2)

cl(2) -Sn-C(1)
cl(2)-Sn-C(2)
c(1)-Sn-C(2)

2.16

2.16

2.40

2.40

1 05.6

105.8

105.8

1 05.8

10s.9

126.4
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Notable is the observation that cl(1)-sn-cl(2) (101.86(5)") is

significantly wider than the Cl(1)-Sn-Cl(2) angles seen in the previous structures.

The C(1)-Sn-C(2) angle is still significantly larger than the tetrahedral angle at

133.1(2)". This is most likely caused by the size of the R groups. The Cl-Sn-C

angles are all under 109.5', with Cl(1)-Sn-C(2) being significantly smaller than

the other Cl-Sn-C angles.

The molecule is relatively symmetrical in the solid state. lt possesses two

approximate mirror planes, one running through the two chloride anions, and another

running through the two R grouPs.

The optimisation of the molecule to its isolated form in the gaseous state leads to

symmetrisation of the molecule so that it has mm2 symmetry as described for 4. The

Sn-C bonds become equivalent a|2.16 Å (HF) but, a distance comparable to that in

the solid state. The Sn-Cl bonds also have attained equal length al 2.4O A, but have

significan¡y expanded from their solid state values. The Cl-Sn-C angles open up

slightly but all are 105.8'[except Cl(2)-Sn-C(2)] and one smaller than the ideal

tetrahedral angle. The Cl(1)-Sn-Cl(2) angle opens up even further to 105-6" and

C(1)-Sn-C(2) closes to 126.4". The less pronounced opening of the Cl(1)'Sn-

Cl(2) angle compared to previous systems may be another indication of the lack of

Sn...Cl intermolecular interactions operating in the crystal structure. The

symmetrisation of bond angles and lengths upon optimisation are an indication of

crystal packing effects in the solid state. The non-symmetrisation between different

bond angles is most likely caused by a non-symmetric ligand set' As usual, DFT has

produced the longest lengths for bonds, followed by HF-DFT'

(vi) Diphenyltin dichloride (6)

Table 6 lists selected geometric parameters for 6 determined from X-ray

^..,arailaarantrrr rrnl anrt ncnmefrie ontimisations. and Fiqure 7 shows the
v¡yÐlqllvvrqy¡¡y LLvl Y--"'-.''- -F---'

geometrically optimised structure.



Table 6. Selected geometric parameters (4, deg.) for diphenyltin dichloride from X-ray crystallography
(X-ray) [20], and HF, HF-DFT (B3LYP) and DFT (BLYP) levels of theory using the Lanl2dz basis set.

Parameter

Sn - C(1)

Sn - C(2)

Sn - Cl(1)

Sn - Cl(2)

cl(1) -Sn-Cl(2)
cl(1)-Sn-C(1)
cl(1) -Sn-c(2)
cl(2)-Sn-C(1)
cl(2) -Sn-C(2)
c(1) -sn-c(2)

X- ray
(Molecule a)

2.11e(s)
2.105(5)
2.35 3 (2 )

2.33 6 (2 )

101.7(1)
106.0(2)
106.5(2)
108.8(2)
107 .B(2)

123.e(2)

X-ray
(Molecule b)

2.1 1 8(5)

2.1 12(6)
2.357 (2)

2.3 36 (2 )

e7.8( 1 )

1 10.1 (2)

107 .1 (2)

1 o5.o(2)
105.e(2)
127.o(2)

HF-DFT
(B3LYP)

DFT
(BLYP)

2.13

2.13

2.43

2.43

105.6

1 05.9

1 10.8

1 10.8

1 05.9

117 .4

HF

2.09

2.09

2.38

2.38

104.2

106.3

110.8

110.8

106.3

117 .6

2.1 1

2.11

2.41

2.41

105.2

105.8

1 10.9

110.9

105.8

117 .6
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ln the solid state, there are two crystallographically independent molecules

(molecules a and b) in the asymmetric unit [20]. The two molecules have minor

differences in the solid state. ln each molecule, the Sn-Cl(1) bond length is longer

12.353(2) Ä for molecule a; 2.357(2) A for molecule bl than the Sn-Cl(2) bond

length t2.gg6(2) Ä for both molecules a and bl. The differences in lengths can be

attributed, in part for the failure to allow for anisotropic thermal motion of the

chloride anions [20]. Furthermore, the authors of the crystallographic study [20]

believe that any minor differences between the molecules do not result in any

significant chemical or physical difference [20].

There is a distortion from ideal tetrahedral geometry, as, for both independent

molecules, the Cl(1)-Sn-Cl(2) angle is much smaller than the tetrahedral angle

[101.7(1)" for molecule a;97.8(1)'for molecule b - n.b.: for molecule þ, the angle

is considerably narrowerl, and the C(1)-Sn-C(2) angle is considerably larger than

109.5" [123.9(2)" (a); 127.0(2)"(b) - n.b.: for molecule a, the angle is

considerably smallerl. There are also minor differences between the two molecules

in regard to the Cl-Sn-C angles. However, the averages of the angles are statistically

equivalent (107.0(2). for molecule a; 107.3(2)' for molecule b)'

Tin is thought by the crystallographic authors [20] to undergo an Sn"'Cl

interaction of 8.770(2) Ä, but they discredit this as being a hypervalent Sn"'Cl

interaction. The authors of 2's crystallographic study agree [14], saying the phenyl

groups would weaken any Sn...Cl intermolecular interactions through mesomeric or

inductive interactions. Reinterpretation of the structure has since occurred [21] of

the original crystallographic study [20]. There is a suggestion that the molecule

exists in chains in the solid state, with the terminal tin centres being tetra-

coordinated and internal tin centres being hexa-coordinated. lf there are hypervalent

interactions, then the molecules are likely to form discrete tetramers [1]' lt seems

that the Sn...Cl interactions would justif.v the disparate Sn-Cl lengths and suggest that

Cl(1) is involved in hypervalent bridging'
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The authors of a Mössbauer spectral analysis of the compound believed the Sn-

119m spectrum indicated no intermolecular interactions 18,221, with which the

crystallographic authors agree. However, the spectrum was reinterpreted [7] and

shows that 6 forms a C2c structure - a 1-dimensional asymmetric double-bridged

polymer, where the terminal tin centres are penta-coordinated (Sn"'Cl interactions

are 3.780(2) A long), and the inner tin centres are hexa-coordinated (Sn"'Cl

interactions are 3.77Q(2) Ä long).

Table 13 shows that molecule þ undergoes more Cl"'H intermolecular

interactions than molecule a. Noteworthy is that Cl(3) (the Cl(1) equivalent)

participates in very strong Cl...H intermolecular interactions, with two interactions

under 2.80 Å.

ln the gaseous phase, there is symmetrisation of molecules, and the two

independent molecules found in the solid state converge to the same optimised

structure (i.e. with the same energy). Further, the molecule has two-fold

symmetry. The optimised molecule has the same bond lengths for Sn-C, being 2.09 Å,

with all Sn-C distances decreasing from the solid state except Sn-C(2) in molecule a'

All the Sn-Cl bonds significantly increase in length to 2.38 Â; this may be an

indication of crystal packing effects in the solid state. The cl(1)-sn-cl(2) angles

for both molecules have increased to 104.2" and the C(1)-Sn-C(2) angle has

decreased significantly to 1 17.6''

(vii) Dicyclohexyltin dichloride (7)

Table 7 lists selected geometric parameters for 7 determined from X-ray

crystallography t23l and geometry optimisations, and Figure I shows the

geometrically optimised structure.

tn the solid state [23], Sn-C(1) has a length of 2.159ø) A and Sn-C(2) has

a rannth r¡r ) 16417\ Å so that both bonds are equal within experimental error'
q ¡vr.Yrr '-'\. / " --

Simitarty, the Sn-C bonds (Sn-Cl(1) 2.393(4) A and Sn-Cl(2) 2'4OO(5) A) are



cr(1)

Sn c(1)

c(2)

cr(2)

Figure 8. Geometry-optimised structure of dicyclohexyltin dichloride

cl(1)

Sn

cr(2)

c(2)

c(1 )

Figure 9. Geometry-optimised structure of bis(biphenyl-2)tin dichloride



Table 7. Selected geometric parameters (Ä, deg.) for dicyclohexyltin dichloride from X-ray
crystallography (X-ray) [23], and HF, HF-DFT (B3LYP) and DFT (BLYP) levels of theory using the
Lanl2dz basis set.

Parameter X-ray

2.15e(7)
2.156(7',)

2.3 e 3 (4)

2.400 ( s )

e6.8 ( 2)

107 .2(7)
1 05.6 (7)

1 05.1 (6)

1 06.1 (6)

131.0(e)

HF

2.14

2.14

2.40

2.40

1 05.4

106.4

106.4

106.2

106.2

124.7

HF-DFT
(B3LYP)

2.15

2.15

2.43

2.43

106.3

106.3

107 .2

1 05.9

1 05.1

124.8

DFT
(BLYP)

2.18

2.18

2.45

2.46

106.7

't07.1

106.1

1 05.1

106.1

124.6

Sn - c(1)

Sn - c(2)

Sn - cl(1)

Sn - Cl(2)

cl(1)-Sn-cl(2)
cl(1) -sn-c(1)
cl(l) -Sn-C(2)
cl(2) -Sn-C(1)
cl(2) -Sn-c(2)
c(1)-sn-C(2)
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equivalent. The Cl(1)-Sn-Cl(2) angle is the narrowest angle at 96.8(2)o with

C(1)-Sn-C(2) being the widest at 131.0(9)". The Gl-Sn-C angles are intermediate

in magnitude but, all under 109.5'.

The authors of the crystallographic study of 7 state [23] there are Sn"'Cl

intermolecular contacts of length 3.54(2) A but, believe that the tin centre can not

be penta-coordinated because: (a) the plane through C(1), tin, and C(2) would not

bisect the Cl-Sn-Cl angle if tin was penta-coordinated; (b) the Cl(1)-Sn-C angles

would close, approaching 90'; and (c) the C(1)-Sn-C angles would open approaching

12O.. lf there are Sn...Cl interactions, then the authors propose a singly bridged

chain running parallel with the c-axis. The Cl"'H intermolecular interactions that

both the chloride anions in the molecule undergo are relatively symmetrical and

relatively weak (see Table 13).

The optimised structure in the gaseous phase (HF) did not possess mirror

symmetry running through the Cl-Sn-Cl chain. The structure was then deliberately

perturbed to have symmetry. This yielded a less energetically stable structure (HF)

than the unsymmetrical structure as shown in Figure 8.

ln the gaseous phase, the bond lengths of Sn-C are equivalent in length (2.14

Å) such that Sn-C(1) has significantly decreased in length compared with the solid

state. The Sn-Cl bond lengths are each 2.40 
^.

The angle of cl(1)-sn-cl(2) has significantly opened f rom 96.8(2)' to

105.4". The C(1)-Sn-C(2) angle still remains quite large at 124'7' but' is

significantly reduced from its solid state value of 131.0(9)"' The Cl(1)-Sn-C

angles (all 106.4") are slightly greater in magnitude than the cl(2)'sn-c angles

(all 106.2'). lt seems that steric hindrance plays a part in the structure because of

the large angle for Cl(1)-Sn-Cl(2).
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(viii) Bis(biphenyl-2-yl)tin dichloride(8)

Table 8 lists selected geometric parameters for I determined from X-ray

crystallography l7l and geometry optimisations, and Figure 9 shows the

geometrically optimised structure.

ln the solid state [7], the closest Sn'..C| intermolecular contact is 6.189 Ä.

This clearly falls outside of the sum of the van der Waals radii of 3.90 A for tin and

chlorine [10], and most likely arises as a result of the steric bulk of the R groups

that preclude intermolecular association'

ln the solid state, the structure is distorted from tetrahedral geometry as seen

in the cl(1)-sn-cl(2) angle of 99.71(9)'and c(1)-sn-c(2) angle of 130.8(3)".

The Cl-Sn-C angles are in the middle of these and resemble somewhat the ideal

tetrahedral angle, with angles between 104.0(2) and 107.8(2)". The magnitudes of

the C-Sn-C and Cl-Sn-Cl angles are as expected and the distortions for monomeric 8

are even greater than that found for some singly bridged or doubly bridged tin

centres. Thus, 8 provides a good indication that steric effects play an important role

in diorganotin dichloride structures. This result may also show that distortions seen

in the molecular geometries can not be used necessarily to validate hypervalent

interactions in crystal structures.

On the other hand, there are significant differences between the Sn-C lengths

t2.140(9) Ä for C(1) and 2.119(8) A for C(2)l prima facie, but it must be noted

that the Sn-C distances have large errors and their lengths are also experimentally

equivalent at the 3o level. The sn-cl bond lengths are equivalent [2.391(2) A for

Ct(1) and 2.381(3) Ä for Sn-Cl(2)1. Cl(1) undergoes more Cl"'H interactions than

Cl(2) (see Table 13), but the interactions of Cl(1) are stronger than those of Cl(2)'

ln the gaseous phase, I approximately maintains the structure it had in the

solid state, but it becomes more symmetrical, i.e. two-fold symmetry' The bonds of

Qn-rì/l\ anrl sn-c/2\ hoth have a lenoth ol 2'11 Â (HF)' with Sn-C(1) significantly
vrt v\

decreasing its length from the solid state value. The sn-cl distances retain their



Table 8. Selected geometric parameters (4, deg.) for bis(biphenyl-2)tin dichloride
from X-ray crystallography (X-ray) [7], and HF, HF-DFT (B3LYP) and DFT (BLYP)

levels of theory using the Lanlâdz basis set.

Parameter X-ray

2.1 4o(e)
2.1 1e(8)

2.3e1 (21

2.381(3)
ee.71(e)
107 .8(2)

104.0(2)
104.0(2)
106.5(2)
130.8(3)

HF

2.1 1

2.11

2.39

2.39

102.1

107.4

104.6

104.6

107 .4

127 .9

HF-DFT
(B3LYP)

2.13

2.13

2.42

2.42

103.4

106.6

104.0

104.0

1 06.6

129.6

DFT
(BLYP)

2.15

2.15

2.44

2.44

103.6

106.2

1 04.1

1 04.1

106.2

130.0

Sn - c(1)

Sn - c(2)

Sn - Cl(1)

Sn - Cl(2)

cl(1) - Sn - Cl(2)

cl(l)-Sn-C(1)
cl(1) -Sn-C(2)
cl(2) -Sn-C(1)
cl(2)-Sn-c(2)
c(1)-Sn-c(2)
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crystallographic length: 2.39 A. The pattern observed for the angles in the solid state

is still seen in the gaseous phase, with only a minor opening up of the Cl(1)-Sn'

Cl(2) angle to 102.1o and a minor closing of the C(1)-Sn-C(2) angle lo 127.9".

Compared with other systems, the C(1)-Sn-C(2) angle is quite large after

optimisation. This shows that steric effects caused by the bulky R group still have a

great effect on the molecular structure in the theoretical structure. The Cl(1)-Sn-

C(1) and Cl(2)-Sn-C(2) angles become equal in size at 1O7.4", as do the Cl(1)-Sn-

C(2) and Cl(2)-Sn-C(1) angles at 104.6". The two other levels of theory reveal the

same trends in bond angles and symmetrisation of bond lengths'

(ix) Methylphenyltin dichloride(9\

Table 9 lists selected geometric parameters for 9 determined from X-ray

crystallography t1l and geometry optimisations, and Figure 10 shows the

geometrically optimised structure. 9 differs from other diorgãnotin dichloride

compounds because it has different tin-bound R groups, a phenyl and a methyl group.

ln the solid state [1], there are two crystallographically independent

molecules (molecules a and b) in the asymmetric unit. The two molecules are

approximately equivalent. All four Sn-Cl bond lengths are equivalent within

experimental error. The two Sn-C(1) bonds (Ph) are experimentally equivalent in

length, as are the two Sn-C(2) bonds (Me).

The corresponding angles for a and b are similar. The Cl(1)-Sn-Cl(2) angle

is the smallest angle (both experimentally equivalent in size) and C(1)-Sn-C(2) is

the widest because of the bulk of the organic groups, and are experimentally

equivalent for molecules a and b. However, the cl-sn-c angles are slightly different.

Molecule b has angles closer to the ideal tetrahedral angle [except Cl(2)-Sn-C(2)]

but, the angles have greater deviations. Motecule a, on the other hand has all cl-sn-c

anntac lavnanr cÍ1\-Sn-Cl2\l sionificantlv narrower than the standard tetrahedralqr rvres . - \-/J - _v_ __ -



c( 1)

cr(1)

c(2)

cr(2)

Figure 10. Geometry-optimised structure of methylphenyltin dichloride

cr(2)

cr(1) Sn

Figure 1 1 . Geometry-optimised structure of 5,5-dichloro'10,1 1-dihydrodibenzo-
Ib,flstannePine.
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Table 9. Selected geometric parameters 1Å, deg.) for methylphenyltin dichloride from X-ray

crysta¡ography (X-rãy) [1], and HF, HF-DFT (B3LYP) and DFT (BLYP) levels of theory using the

Lanl2dz basis set.

Parameter
X-ray
(Molecule a)

X-ray
(Molecule b) HF

2.10

2.11

2.39

2.39

107 .7

1 07.5

106.2

107.5

106.2

121 .2

HF-DFT
(B3LYP)

2.11

2.12

2.41

2.41

108.8

107 .2

106.0

107 .2

106.0

121.2

DFT
(BLYP)

2.13

2.13

2.43

2.43

109.1

107 .3

106.0

107.3

106.0

120.9

Sn - C(1)

Sn - C(2)

Sn - Cl(1)

Sn - Cl(2)

Cl(1) - Sn

Cl(1) - Sn

Cl(1) - Sn

Cl(2) - Sn

Cl(2) - Sn

c(1) - Sn

- cr(2)

- c(1)

- c(2)

- c(1)

- c(2)

- c(2)

2.05(3)
2.20(3)
2.3e( 1 )

2.33s ( e )

e8.6 ( 3)

104.7(e)
10e.0(8)
103.7(e)
1 03.1 (e)

133(1)

2.1 1 (6)

2.2e(4)
2.36(1)
2.36 (1 )

e8.6(4)
108(1)
107(1)
107(1)
102(1)
130(2)
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angle. lt is noteworthy that angles involving C(1) do not necessarily produce the

largest Cl-Sn-C angles in molecule a.

It was thought by the authors [1] that the two independent tin centres were

linked via two Sn...Cl interactions. The Sn(1) atom, the tin centre of a, was bound to

Cl(1) and Cl(2), and at the same time hypervalently interacts with Cl(2') from an

adjacent molecule, with a distance of 3.a2(1),Â. The Sn(1) atom also interacts with

Cl(3) which is attached to Sn(2), with a distance of 3.56(1) Ä. Sn(2) from

molecule b hypervalently interacts with Cl(1) (from molecule a), with a distance of

g.B1(1¡ Ä, but Cl(4) [from molecule b] has no hypervalent interactions under 4.00

Ä. All of the previous interactions described are within their sum of the van der

Waals radii but the Sn(2)-Cl(1) interaction may be considered marginal as its

distance is close to the sum (3.90 Ä). Therefore, according to the crystallographic

authors [1], the total structure can be interpreted as being a linear tetramer of tin

atoms, having asymmetric double bridging, with the Sn(1) atom having pseudo-

octahedral geometry and Sn(2) existing in a trigonal bi-pyramidal environment.

However, this postulated polymeric structure can not be confirmed by the

distortions seen in the angles. The authors of the crystallographic study maintain that

the tin centres exist in a tetrahedral geometry, with the R groups lying above and

below the plane of tin atoms. The Sn-C distances are almost identical to those found

for the geometry-optimised structures of Me2SnCl2 (1) and Ph2SnCl2 (6)'

respectively. The two independent molecules undergo different Cl"'H intermolecular

interactions with molecule a undergoing two interactions.

When optimised, both a and b converge to the same structure, with increased

symmetrisation, i.e. there is a mirror plane running through the two R groups' The

Sn-C(1) and Sn-C(2) distances are of different lengths, where Sn-C(1) (phenyl) is

the shorter bond of length 2.10 A in comparison with 2.11 A for Sn-C(2) (methyl)

(HF). The two Sn-Ct bonds are of the same length (2.39 Ä) and the Cl(1)-Sn-Cl(2)

opens up significantly from 98.6' [o = 3 for molecule âi 6 = 4 for molecule b], to
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107.7", superseding the Cl-Sn-C angles in the gaseous phase. On the other hand,

C(1)-Sn-C(2) significantly closes in the gaseous phase to 121.2". The angles about

the central tin atom are not expected to be the same, as the two R groups are different.

There is greater symmetrisation in the Cl-Sn-C angles. The Cl(1)-Sn-C angles are

marginally larger than the Cl(2)-Sn-C angles (107.5' compared with 106.2"). The

C(1) atom is associated with the bulkier phenyl group, and this may be the cause of

the greater C(1) angles. The appearance of only one energy-minimised structure of

9 indicates that the different molecular structures and geometric parameters arises

as a result of crystal packing rather than due to any inherent differences in

chemistry.

(x) 5,5-Dichloro-1 0,1 1 -dihydrodibenzo-fb,f]stannepine (10)

Table 1O lists selected geometric parameters for 10 determined from X'ray

crystallography l24l and geometry optimisations, and Figure 11 shows the

geometrically optimised structure.

This structure differs from other diorganotin dichloride compounds because R

is a bidentate ligand. From the crystallographic study [24], the tin centre exists in a

slightly distorted tetrahedral geometry, where Sn-C(1) and Sn'C(2) are the same

length within experimental error, but Sn-Cl(1) and Sn-Cl(2) are non'equivalent

(2.331(1) A and 2.942ï) 
^, 

respectively). The Cl(1)-Sn-Cl(2) angle of

1O27O(4). is not as constricted as seen in previous structures and the C(1)-Sn-

C(2) angle not as wide, 119.0(1)". The Cl-Sn-C angles appear to be wider than in

other structures, with cl(1)-sn-c(2) and cl(2)-sn-c(2) (1 1 1 .1 6(8)' and

109.54(5)", respectively) being equivalent to 109.5'- the ideal tetrahedral angle'

Therefore, it appears that the R group allows the molecule to attain a more regular

tetrahedral geometry compared to other molecules described thus far. This feature of

the structrlre may be due to the formation of a stable 7-membered ring'



Table 10. Selected geometric parameters (Å, deg.) for 5,5-dichloro'10,11-dihydrodi-
benzo[b,flstannepine from X-ray crystallography (X-ray') 1241, and HF, HF-DFT
(BgLyÞ) ând DFT (BLYP) levels of theory using the Lanl1dz basis set.

Parameter

Sn - c(1)

Sn - C(2)

Sn - Cl(1)

Sn - Cl(2)

cl(1) -Sn-Cl(2)
cl(1)-sn-C(1)
cl(l) - Sn - C(2)

cl(2)-sn-C(1)
cl(2)-Sn-C(2)
c(1)-Sn-c(2)

X-ray

2.105(3)
2.1Oo(2)

2.331 ( 1 )

2.342(1\
102 .7 0 (4)

106.88(8)
1 1 1 .16(8)
106.21(B)
10e.54(8)
11e.0(1)

HF

2.O9

2.09

2.39

2.39

101 .7

110.2

107.5

107.5

110.2

1 18.5

HF-DFT
(B3LYP)

2.11

2.11

2.41

2.41

102.4

110.1

107.3

107.3

110.1

118.5

DFT
(BLYP)

2.13

2.13

2.44

2.44

102.9

109.9

107.4

107.4

109.9

1 18.3
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Studies previous to the appearance of reference l24l interpreted the structure

as being monomeric [18, 19], but reinterpretation [24] of the data has yielded a

model of four-membered chains, such that the two terminal tin centres exist in a

tetrahedral geometry and the two central tin atoms have hexa-coordinated geometry.

The mean length for the Sn-Cl bonds with the chloride anions participating in

bridging being 2.355(1) Ä and Sn-Cl bonds with non-bridging chloride anions of

length 2.336(1) A. The bridging may therefore account for the disparate lengths of

the Sn-Cl bonds.

With respect to Cl...H intermolecular interactions, Cl(2) participates in two

Cl...H intermolecular interactions and Cl(1) only participates in one (see Table 13).

These interactions are relatively weak.

The optimisation of the structure shows increased symmetrisation so that is

has C2u symmetry. The two Sn-C bonds are of the same length and have significantly

shortened (2.09 Å) and the Sn-Cl bonds are also of equal length (2.39 A), but have

significantly increased in length compared with the solid state structure. The Cl(1)-

Sn-Cl(2) bond angle closed slightly to 101.7o, quite the opposite to the trend seen

previously, and C(1)-Sn-C(2) closed to 118.5'' ln general the Cl-Sn-C angles

opened in the gaseous phase. Symmetrisation of the Sn-Cl bonds may be due to the

absence of hypervalent Sn"'Cl interactions.

(xi) Comparative Study - Crystat Packing Effects and/or Hypervalent lnteractions?

ln the first instance, discussion is restricted to an examination of the Sn-Cl

distances are the more reliably determined parameters in X'ray crystallography'

Table 11 summarises the magnitudes of covalent sn-cl separations

determined for a series of R2S n C l2 structures in the solid state (X-ray

crystallography) and their theoretical, gas phase structures (HF/Lanl2dz)' ln the

cnlirl ctata sn'cl rlistances ranoe from 2.334(1) A (R = tBu) to 2'4OO(5) A (R = c-

hexyl), i.e. a difference of about O.O7 A' By contrast, in the geometry-optimised
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structures, the equivalent range of distances is 2.38 A 1n = Ph) to 2.40 
^ 

(R = nBu,

ipr etc.), i.e. only a difference of 0.02 A. lt is likely that this value is at the limits of

reliability for the theoretical calculations and hence, it is possible to conclude the

following. ln the gas phase, there is no systematic variation in the Sn-Cl distances

that may be correlated with the nature of the tin-bound organic substituents. lndeed,

the influence of R is restricted to the perturbation of tin-atom geometry from the

ideal tetrahedral geometry. Further support for this conclusion is found in the

narrow range observed for NPA, i.e. 1.34 to 1.46 (see Table 11).

Non-systematic variations in Sn-Cl bond distances may be therefore be

related to the participation of chloride anions in hypervalent interactions to

neighbouring tin atoms, in weak intra- and inter-molecular interactions to

hydrogen, and errors in the X-ray structure determinations.

Table 12 collects the key Cl(1)-Sn-Cl(2) and C(1)-Sn-C(2) angles for the

R2SnCl2 structures. ln the solid state the cl(1)-sn-cl(2) angle ranges from

g3(2). (R = Me) to 101.86(5). (R = tBu), i.e. approximately 9". By contrast, in

the geometry-optimised structures, the range is narrower at 102'1" to 107'7"' i'e'

5.6o. The computed values for the C(1)-Sn-C(2) angles are 124(5) (R = Me) to

192.1. (R = iPr) in the solid state, and 117.6'to 126.4" in geometry-optimised

structures. For the latter, the smallest C(1)-Sn-C(2) angle is found for R = Ph' and

the largest for R = bis(biphenyl-2). lt is possible that differences may be correlated

with the steric bulk of the tin-bound substituents'
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Table 11. Table of Sn-Cl bond parameters in the solid state (X-ray), the gaseous
phase from HF level of theory with the Lanl2dz basis set (Ä); an¿ the NPA for each
tin centre after optimisation.'

R
Sn-Cl
(X-ray, Âl

Sn-Cl (HF)
(Optimised, A)

NPA(Sn)
(Optimised)

Me

Et

iPr

nBu

tBu

Ph

c-h exyl

b is (biph en yl-2)

Me, Ph

2.40 (4)

2.385 (3)
2.384(4',)

2.36e(1)
2.357 (1)

2.37 2(s)
2.3 88 (s )

2.334
2.3 35

2.353(2)
2.357 (2)

2.336 ( 2 )
2.336(2)

2.3 e 3 (4)
2.400 ( 5 )

2.39
2.38
2.3I
2.36

35 (e)
6(1)

2.3I

2.40

2.40

2.40

2.40

2.38

2.40

2.39

2.39

1.37

1 .34

1.35

1.34

1.38

1.46

1.40

1.44

1 .42

1(2)
1(3)
(1)
(1)

2.3
2.3

' The structure of 10 is ex-cluded as complications may arise in attempted correlations

due to the chelating nature of the organic substituent.
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Table 12. Table of Cl(1)-Sn-Cl(2) and C(1)-Sn-C(2) angle parameters in the
solid state (X-ray crystallography, X-ray), and gaseous phase from the HF level of
theory with the lanlãdz basis set (deg.)..

R
Cl(1)-Sn-Cl(2)
(X-ray, deg.)

cl(1)-Sn-Cl(2)
(HF)

(Optimised, deg.)

c(1)-Sn-c(2)
(X-ray, deg.)

c(1)-Sn-c(2)
(HF)

(Optimised, deg.)

Me

Et

iPr

nBu

tBu

Ph

c-hexyl

b is (b iph eny l-2)
Me, Ph

e3(2)

e6.o(1)

e5.2 e (3)

e7.2(3)

101.86(5)

106.4

105.8

105.8

105.8

1 05.6

104.2

1 05.4

102.1
107 .7

124(s)

1 34.0 (6)

1 32.1 (7)

131.1(2)

1 33.1 (2)

1 23 .e (2)
1 27 .0 (2)

131.0(e)

130.8(3)
133(1)
130(2)

't21.8

122.9

122.6

124.8

126.4

117 .6

124.7

127 .9
121 .2

e6.8(2)

101.7(1)
e7.8(1)

(

3
4

I9 9.7
98.6
98.6

r The structure of 10 is excluded as complications may arise in attempted correlations

due to the chelating nature of the organic substituent'



A:ì

Table 13. Table listing all tl.'.H intermolecular interactions of length equal to or
under 3.10 A for dimethyltin dichloride (1), diethyltin dichloride (2), diiso-
propyltin dichloride (3), and dibutyltin dichloride (4).

Structu re ct..'H (Â) Symmetry Operation

1 cr(1).. H(2),

cr(1)...H(1),
cr(1)...H(6),
cr(1)'..H(s),
cr(2)...H(2),
cr(2).'.H(1),
cr(2)'..H(6),
cr(2)...H(5),
cr(1)...H(s)
cr(1)...H(5)

cr(1).'.H(1)
cr(1)...H(4)
cr(1)...H(4)
cr(2)...H(2)
cr(2)..'H(3)
cr(2)...H(3)

o(1).
cr(1).
cr(2).
cr(2)'
cr(2).
cr(2).

cr(1)...H(s)
cr(1)...H(6)
cr(1)...H(1)
cr(1)..'H(2)
cr(2).'.H(5)
cr(2) ..H(6)

cr(2)...H(1)
cr(2)...H(2)
2.63 Å

2.63 A

2.90 A

3.06 Å

3.03 A

2.91 Å

3.10 A

3.05 A

2.e6 Â

3.07 Å

: 2.96 Â
: 3.04 Ä
3.04 Å

: 3.06 Å

2.80 Â
2.85 A
2.87 

^2.e5 Ä
2.80 Å
2.8s Â

2.87 
^2.s5 Å

+x, 1/2+y, -z
+x, -y, -z
112+x, -y, 1/2+z

1 /2+ x, 112+y , 112+z

+x, -y, -z
+x, 1/2+y, -z
1 /2+ x, 1/2+y , 112+z

1 l2+ x, -y, 1/2+z
112+x, 112-y, 1/2-z

112+x, +y, 112-z

1/2+z
1/2+z
112-z

1/2+z
1/2+z
1/2-z

2 IX,
+x,
-x,
+x,
+x,
-x,

1/2-y,
1/2-y,
1/2+y,
1/2-y,
112-y,

1/2+y,

3 H(1) :

H(2) :

H(12)

H(10)

H(7)

H(13)

+x, +y,

+x, +y,

1/2+x,
1 I2+ x,
+x, +y,

+x, +yl

+z
+z
112-y, -z

1/2-y, -z
+z
+z

112+y , 112-z

112+y, 112-z

112+y , 112-z

1/2+y , 112-z

4 cr(1)
cr(1)
cr(2)
cr(2)

H(1) : 2.99 Ä
H(11) : 3.03 Â

H(2) :2.e7 ìt
H(10) : 3.00 Â

1 /2- x,
1 /2- x,
1 12- x,
1 l2- x,

a two molecules in the crystallographic asymmetric unit.
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Table 13 (continued). Table listing all Cl...H intermolecular interactions of length
equal to or under g.lO A for (5), diphenyltin dichloride (6), dicyclohexyltin
diðhtoride (7), bis(biphenyl-2-yl)tin dichloride (8), methylphenyltin dichloride
(9), and 5,5-dichtoro-10,11-dihydrodibenzo(b,f)stannepine (10)'

Stru ctu re cr"H (Â) Symmetry Operation

5 cl(1)"'H(17) : 2.e0 Â
cl(1)"'H(4) : 2.e1 Å

Cl(1)"'H(18) : 3.05 A

cl(2)"'H(5) : 3.0s À

Cl(1)"'H(14) : 2.e6 A

Cl(2)"'H(12) : 3.03 Å

cl(3)"'H(22) : 2]1 it
cl(3)"'H(16) : 2.76 A

cl(3)"'H(13) : 2.81 Å

cl(4)"'H(23) : 2.e4 ì+

+x, +y, +z
+x, +y, +z
-x, -y, -z
1/2-x, 112+Y, 1/2-z

1 /2- x, -y, 112+z

+x, +y, +z
-x, 1/2+y, 1/2'z
-x, 1/2+y, 1/2-z

-x, -y, -z
-x, -y, 'z
1/2+x, 1/2-Y, 1/2+z

1 l2- x, 112+Y, 1/2-z

1/2+x, 112-Y, 1/2+z

112-x, 112+Y, -z

-x, 'y' -z
-x, -y, -z

6a

9a

10

cr(1)
cr(1)
cr(2)
cr(2)

cr(1)
cr(2)
cr(1)
cr(2)
cr(2)

cr(1)
cr(2)
cr(4)

H(7)

H(1)

H(4)

H(s')

3.02 Ä

3.04 Å
2.s1 Ì{
3.06 A

3.05 Ä

3.02 Å

3.05 Å

-x, -y, -z
xyz

-x, -y -z
-x, -y, -z
-x, -y -z

+x, +y, +z

7

I H(9) : 2s2 A

'H(22): 2.98 Â

'H(3) : 3.03 Ä

'H(15) : 2.93 Ä
'H(16) : 2.93 Å

H(s) : 2.88 Å

H(1) : 3.05 Â

H(8) : 2.97 
^

cr(1)
cr(2)
cr(2)

H(3)

H(8)

H(7)

'x, -y, 'z
112+x, 112-y,

1/2+x, 112-Y,

112+z

1/2+z

a two molecules in the crystallographic asymmetric unit'
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4.4 Conclusion

There has been considerable debate about the solid state structures of

diorganotin dichloride compounds. This study has not been able to prove conclusively

that hypervalent interactions and/or crystal packing effects play a significant role in

determining the solid state structures of diorganotin dichloride compounds.

ln the solid state, the structures feature minor differences between bond

lengths and angles of similar type. Upon optimisation, the structures symmetrise in

the gaseous phase in the absence of crystal packing effects. Steric effects also provide

some distortion as there are still distortions from the tetrahedral angle seen in the

angles in the isolated states, particularly in the Cl-Sn-Cl and C-Sn-C angles, which

generally, deviate significantly from the ideal tetrahedral angle.

The theme of examining the influence of intermolecular Sn"'Cl interactions on

tin-atom coordination geometries is continued in the next Chapter when a series of

R3SnCl structures are evaluated.
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4.5 Appendix

Appendix Table 1. Calculated energy differences (kJ mol-t¡ between the
solid state (X-ray crystallography, X-ray) and the gaseous phase
(Optimised Geometries) for (1) to (10).

HF HF.DFT
(B3LYP)

DFT
(BLYP)

7.6
3.7
3.4
1.8
4.2
4.8,
0.6

1

2
3
4
5
6

16
45
43

231
58

2
3

288.4
976. 1

117 4.6,
591 .4
394.8

17 8.O
506.9
500.0

2330. 1

67 4.3
37 .9,
41.9

294.8
1029.8
1139.1,
609.4
477.9

187 .5
548.2
553.5

2397.3
7 46.8

61 .4
64.8

323.9
1097 .7
1140 .2

628.7
542.O

7
8
9a

10

a two molecules in the crystallographic asymmetric unit.
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Appendix Table 2. Calculated energies (Hartrees) for (1) to (10) in the
solid state (X-ray crystallography, X-ray) and the gaseous phase
(Optimised Geometries).

HF (X-ray) HF-DFT (X-ray)
(B3LYP)

DFT (X-ray)
(BLYP)

1

2
3
4
5
6a

-11
-18
-26
-34
-34
-49
-49

136
409
877
185
706
7 45,
723

-11
-19
-27
-34
-34
-49
-49
-50

304
112
240
396
696
799,
783
331-499.7572

-9s 1 .47 53
-301.9796,
-302.2037
-569.6117

-958.2338
-304.4591,
- 3 04.662 5
-573.8211

-112.9633
-191.3771
-269.9305
-347.7860
-348.4139
-496.2587,
-496.257 4
- 503.3 0 78
-957.6921
-304.2207,
-304.417 2
-573. 4425

3.1
1.6
0.2
8.1
8.7
6.5
6.5
3.7

1.9
9.8
7.8
5.2
5.8
2.8
2.8

a

7
I
9

10

HF (Optimised) HF-DFT (Optimised)
(B3LYP)

DFT (Optimised)
(BLYP)

1

2
3
4
5
6a

-111.9780
-190.O152
-268. 0542
-346. 1067
- 346.0 95 0
-492.8841,
-492.8841
-49 9.8680
-951.8503
-302.430I
-569.7 634

-113.1991
- 1 91 .8060
-270.4160
-349.0348
-349.0286
-496. 5944,
-496.5944
-503.8463
- 95 8.62 95
-304.8966
-57 4.OO47

-304.65 87
-573.6507

-11
-19
-27
-34
-34
-49
-49
-50
-95

353
878
432
070
008
823,
823
322
138

3.0
1.5
0.1
8.7
8.7
6.2
6.2
3.4
8.1

7
I
9a
10

a two molecules in the crystallographic asymmetric unit'
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Chapter 5

Comparative Studies of Triorganotin
Chloride Compounds Between the

Solid State and Gaseous Phase
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5.1 lntroduction

Triorganotin chloride compounds are often considered as intermediates

between their bridging fluoride and monomeric heavier halogen counterparts. The

problem associated with triorganotin chloride compounds is identical to the problem

seen for diorganotin dichloride compounds as described in Chapter 4. The problem to

ascedain is whether the distortions from the standard tetrahedral geometry seen in

the solid state are due to crystal packing effects and/or steric hindrance. ln this

Chapter, the structures of several triorganotin chloride compounds will be examined

through the use of ab rnifio molecular orbital calculations and compared with

structures determined from X-ray crystallography.

5.2 Experimental

Calculations in this Chapter were undertaken using the HF level of theory with

the Lanl2dz basis set. See Chapter 2lor the experimental protocol.

5.3 Besults and Discussion

(i) Triphenyltin chloride (1)

Table 1 shows the parameters for 1 determined from X-ray crystallography

[1, 2] and geometry optimisations, and Figure 1 shows the optimised structure of 1.

This molecule exists as the monoclinic t1l and the rhombohedral l2l

polymorphs. ln the monomeric unit cell, there are two crystallographically

independent molecules (called molecule a and b, respectively)' The molecules possess

only approximately c3y slmmetry, and are monomeric with no intra- or inter-

molecular Sn...Cl interactions less than 4.OO A 11l. The molecules exist in a distorted

tetrahedral geometry which is most likely due to the non-symmetric ligand set' The

Sn-C distances !n the solid state are of equal lengths within experimental error' and

Sn-Cl are equivalent, with lengths of 2.3538(14) A for molecule a and 2'3557(14)



c(1)

Sn
c(2

cl

Figure 1. Geometry-optimised structure of triphenyltin chloride.



Table 1. Selected geometric parameters (4, deg.) for triphenyltin chloride derived from X-ray crystallography
(X-ray) [1, 2] and the HF level of theory using the Lanl2dz basis set.

Parameter
X-ray

(Molecule a)
(Monoclinic)

2.1 13(4)

2.1 1 4(4)
2.120(4\
2.3538(14)
118.45(
10e.46(

105.28(
112.59(
1 04.81 (

1 05.01 (

X-ray
(Molecule b)

(Monoclinic)

2.10e(4)
2.118(4)
2.116(4)
2.3557 (1 4)

1 14.52(13)
110.70(13)
106.66(10)

1 16.e4(13)
't02.41 (10)

104.12(10)

X-ray
(Molecule c)
(Rhombohedral)

2 .1 18(4)

2.124(4)
2.10e(4)
2.354(1)
111.s(2)
1 1 5.0(2)
106.1(1)
1 12 .o {2)
105.3(1)
106.2(1)

X-ray
(Molecule d)
(Rhombohedral)

2.1 12(4

2.'t 24(4
2.1Oe(4

2.37 4(2

111.5(2
115.0(2
1 03.97 (

112.O(2

105.3(1
106.2(1

Sn-
Sn-
Sn-
Sn-
c(1)

c(1)

c(1)

c(2)

c(2)

c(3)

c(1)

c(2)

c(3)

cr(1)

- Sn - C(2)

- Sn - C(3)

- Sn - Cl(l)
- Sn - c(3)

- Sn - Cl(1)

- Sn - Cl(1)

)

)

)

)

)

)

10)

)

)

)

2.11

2.11

2.1 1

HF

2.41

1 12.8

112.8

105.8

112.8

1 05.8

105.8

13)

13)

10)

13)

10)

10)
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Å for molecule þ. The angles of C-Sn-C are significantly larger (mean 113.50(13)'

for a and 114.05(13)' for b) than the C-Sn-Cl (mean 105.03(10)" for a and

104.40(10). for b), indicating that the phenyl ligands sterically hinder each other.

No C-Sn-C angles are experimentally equivalent, and of the C-Sn-Cl angles, all

angles in molecule a are equivalent, but none in molecule b.

ln the rhombohedral polymorph of 1 I2l, there are also two

crystallographically distinct molecules (called molecule c and 4 respectively), and

like the monoclinic polymorph, the rhombohedral molecules possess only

approximately C3u symmetry, and are monomeric with no intra- or inter-molecular

Sn...Cl interactions less than 4.OO A t2l. Like the monoclinic polymorph, the Sn-C

distances in the solid state are of equal lengths within experimental error, and

further, all sn-c distances for both polymorphs are equivalent. The sn-cl has a

length of 2.354(1¡ Ä for molecule c and 2.374(2) A for molecule 4 which is

significantly longer than Sn-Cl length for molecule c. Molecule c's Sn-Cl bond has

equivalence with molecule a's and molecule þ's Sn-Cl bond, but molecule ds Sn-Cl

bond is significantly longer. Like the monoclinic polymorph, the angles of c-sn-c

are significantly larger (mean 112.8(2)'for c) than the C-Sn-Cl (mean 105'9(1)'

for molecule c and 105.2(1)" for molecule d). No C-Sn-C angles are experimentally

equivalent (and neither with the monoclinic parameters). of the c-sn-cl angles,

onty C(1)-Sn-Cl(1) and C(1)-Sn-Cl(3) are statistically equal in size. Molecule

þ's C(1)-Sn-Cl(1) angle is equivalent to molecule a's C(1)-Sn-Cl(1) angle'

Molecule a's, c's and ds C(2)-Sn-C(3) angle, and molecule a's, c's and ds C(2)-Sn-

Cl(1) angle are equivalent.

Optimisation of the four molecules leads to the same structure. Whereas there

were four independent molecules in two crystalline forms, with experimentally

distinct geometric parameters. ln the absence of solid state effects, the four

molecules become equivalent. The optimised structure has greater symmetry, i'e'

C3y, cotnpâred to the solid state structures. The Sn-C bonds have the same length'
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2.11 A. The Sn-Cl length significantly increases from the Sn-Cl values seen for all

four molecules to 2.41 
^. 

The C-Sn-C angles all equalise to 112.8", a middle position

between the extremes seen for the C(1)-Sn-C(2) and C(1)-Sn-C(2) angles in the

solid state, The C-Sn-Cl anglès equalise to the value of 105.8', again attaining a

position in the middle. .Clearly, this shows that there is some form of crystal packing

effect in the solid state, however, as expected, steric effects play a role in both states

causing an asymmetry in bond angles from the standard tetrahedral angle of 109.5".

(¡¡) Tribenzyltin chloride (2)

Table 2 shows the parameters for 2 determined from X-ray crystallography

[3] and geometry optimisations, and Figure 2 shows the optimised structure of 2.

ln the solid state [3], this molecule is highly symmetrical with Cav symmetry.

All Sn-C distances are 2.136(3) A and the Sn-Cl bond is 2.387(2) A. As in 1, the R

groups sterically hinder one another, and as a result the C-Sn-C angles open up to

1 15.46(8)', greater than the angles in 1 . As a consequence, the C-Sn-Cl angles are

compressed to 102.5(1)', which is smaller than the angles in 1. Therefore, the

coordination geometry is a distorted tetrahedron.

The authors of the crystallographic study [3] report that the tin centre

undergoes hypervalent interactions with one neighbouring chloride anion, with a

distance of 3.531(2) Ä; this is with the van der Waals radius of 3.90 Å for Sn-Cl

t4l. lf these interactions are considered significant, the molecules form a 1-

dimensional singly bridged polymeric chain. However, it is interesting to note that

the molecule has high symmetry in the solid state despite there being possible

hypervalent Sn"'Cl interactions.

When optimised, the structure still retains its high symmetry, as expected.

The Sn-C bonds are 2.14 ,4, which is close to the distances seen in the solid state. The

Sn-Cl distance expands significantly to 2.43 ,4. The C-Sn-C angles narrow from

those in the solid state to 114.3'and the C-Sn-Cl angles open to 104.1'. lt seems



c(1)

c(3)

Sn

c(2)

Figure 2. Geometry-optimised structure of tribenzyltin chloride

Table 2. Selected geometric parameters 1R, deg.) for tribenzyltin
chloride derived from X-ray crystallography (X-ray) [3] and the
HF level of theory using the Lanl2dz basis set.

Parameter X- ray HF

cl

Sn - C(1)

Sn - C(2)

Sn - C(3)

Sn - Cl(1)

c(1)-sn-c(2)
c(1) - sn - c(3)

c(2)-sn-C(3)
cl(1)-Sn-C(1)
cl(1) - Sn - C(2)

cl(1) -Sn-C(3)

2.136(3)
2.136(3)
2.1 36(3)

2.387 (2)

115.46(8)

1 15.46(8)

1 1s.46(8)
102.s(1)
102.s(1)
102.5(1)

2.1 4

2.14
2.14

2.43

114.3

11 4.3

114.3

104.1

1 04.1

lu4.l
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that steric hindrance due to the benzyl groups still plays a part in the gaseous phase,

as the angles are still distorted from 109.5'.

(i¡¡) Tris(bis(tri-methylsilyl)methyl)tin chloride (3)

Table 3 shows the parameters for 3 determined from X-ray crystallography

[S] and geometry optimisations, and Figure 3 shows the optimised structure of 3.

This molecule in the solid state [5], shows the longest Sn-C bond lengths of the

four structures described in this Chapter. All the Sn-C bonds are equal in length

within experimental error owing to the large errors associated with these

parameters. The Sn-Cl bond length is the same within experimental error as the Sn-

Cl bond length seen for 2. The C-Sn-C angles are distinct, and the C-Sn-Cl angles are

equivalent. The C-Sn-C angles are significantly larger than the C'Sn-Cl angles. This

is consistent with the steric pressure exerted by the R substituents. For the same

reason, it was expected that the C-Sn-C angles for 3 would be significantly greater

than those in previous molecules. Although the C-Sn-C angles were significantly

larger than the ideal tetrahedral angle, only C(1)-Sn-C(3) was exceptionally large

at 116.8(3).. Because the R groups are bulky, they prevent intermolecular

interactions association via Sn..'Cl and hence, the molecule is monomeric and with a

pseudo-tetrahedral geometrY.

ln the gaseous phase, there is a discrepancy in the Sn-C bond lengths, with

their optimised values resembling their solid state values. As can be seen from

Figure 3, steric congestion precludes the adoption of a more symmetrical structure.

The Sn-Cl bond increases significantly in length from the solid state to 2'46 Ä. The

bond angles on the other hand are about the same magnitude as the values obtained in

the solid state, with the c-sn-c angles being significantly larger than the cl-sn-c

angles. However, all angles are distinct'



c(2)

CI

Sn
c(3)

c(1)

Figure 3. Geometry-optimised structure of tris(bis(tri-methyl-
silyl)methyl)tin chloride.

Table 3. selected geometric parameters (4, deg.) for tris(bis(tri-
methylsilyl)methyl)tin chloride derived from X-ray crystallography
(X-ray) [5] and the HF level of theory using the Lanl2dz basis set'

Parameter X-ray HF

Sn - C(1)

Sn - C(2)

Sn - C(3)

Sn - Cl(1)

c(1) -Sn-C(2)
c(1) -Sn-c(3)
c(1) -Sn-Cl(1)
c(2)-Sn-C(3)
c(2) -Sn-Cl(1)
c(3) -sn-Cl(i)

2.1 e2(1 1)

2.164(10)
2.185(10)
2.38 o (3 )

112.5(3)
116.8(3)
104.5(3)
113.e(3)
103.6(2)
1Uó.þ(z'

2.19

2.17

2.18

2.46

113.6

1 16.1

105.9

11 4.1

101.9

I rJ!). r



c(1)

Sn
(3)

CI

Figure 4. Geometry-optimised structure of tris(4-fert'butyl-
phenyl)tin.

Table 4. Geometric parameters (A, deg.) for tris(4-tert-butyl-
phenyl)tin chloride derived from X-ray crystallography (X-ray)

[6] and the HF level of theory using the Lanl2dz basis set.

Parameter X-ray HF

Sn-
Sn-
Sn-
Sn-
c(1)

c(1)

c(1)

c(2)

c(2)

u(5,

c(1)

c(2)

c(3)

cr(1)

- Sn - C(2)

- Sn - C(3)

- Sn - Cl(1)

- Sn - C(3)

- Sn - Cl(1)

^l,J\- Þn - ul(1,

2.0s8(6)
2.1 1 e(5)
2.106(5)
2.34e (2)

112.3(2)
1 12.2(2)
10s.30(16)
113.80(1e)

107.2e(14)
106.31(16)

2.11

2.11

2.1 1

2.42

1 12.9

113.0

105.8

1 13.0

105.8
I^tr'7
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(iv) Tris(4-tert-butylphenyl)tin chloride (4)

Table 4 shows the parameters for 4 determined from X-ray crystallography

[6] and geometry optimisations, and Figure 4 shows the optimised structure of 4.

ln the solid state [6], 4 has three Sn-C bonds of the same length within

experimental error (average length 2.108(5) R) anO one Sn-Cl bond with length

2.34e(2) A.

The C-Sn-C angles are significantly larger than the C-Sn-Cl angles, because

of the steric hindrance of the R groups, and hence there is distortion from the ideal

tetrahedral structure. The C(2)-Sn-C(3) angle is distinct compared to other C-Sn'

C angles and all C-Sn-Cl angles are equivalent. The range of angles for 4 is not large.

Despite the R groups being bulkier in 4, they don't have the pendant arm type

structure as the R groups tor 2. The molecules are monomeric with no intra- or

inter-molecular Sn"'Cl interactions less than 4'00 Ä'

ln the gaseous phase, the structure undergoes significant symmetrisation. All

Sn-C bond lengths are 2.11 A close to the crystallographic values. The Sn-Cl bond

significantly elongates to 2.42 it. There is also evidence of symmetrisation for the

bond angles. The C-Sn-C angles are still larger than the Cl-Sn-C angles,

approximately matching the values seen for 1' Only the C(1)-Sn'C(2) angle is

equivalent to its crystallographic value. ln the gaseous phase, steric hindrance

exerted by the R groups plays a part because the C-Sn-C and the C-Sn-Cl angles are

not statistically equivalent.

5.4 Conclusion

Geometry optimisations of the triorganotin chloride compounds have shown,

generally and where possible, symmetrisation of the molecules compared with the

solid state structures. This shows that crystal packing effects has to some extent

influenced the molecr¡lar geometries in the solid state. Steric hindrance exerted by

the tin-bound organic substituents does have an effect on the systems as the angles are
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still distorted from the standard tetrahedral angle. All compounds with the exception

of 2, appear not to undergo hypervalent interactions in the solid state. ln the next

Chapter, the focus of the calculations are directed towards an understanding of the

nature of hypervalent intramolecular Sn".O and Sn"'N interactions.
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5.5 Appendix

Appendix Table 1. Calculated energies (Hartrees) and energy differences
(kJ mol-t¡ between the solid state (X-ray crystallography, X'ray) and the
gaseous phase (Optimised Geometries) for triphenyltin chloride (1),
tribenzyltin chloride (2), tris(bis(trimethyl-silyl)methyl)tin chloride
(3 ), and tris(4-tert-butylphenyl)tin chloride (4) .

X-ray Optimised Geometry
^

1a (monoclinic)

1a (rhombohedral)

2

3

4

-707.5341
-707.5028

-707.5966
-707.3782
-824.8870
-867. 9728

-1175.7591

-708. 1 91 3,
-708.1913

-708.1913,
-7 08.1 91 3

-825 .2713
-868.8963

-1 17 6.45 35

1710.6,
1777.8

1547.9,
2116.4

1000.4

2403.7

1807 .7

a two molecules in the crystallographic asymmetric unit



77

5.6 References

1. Tse, J.S.; Lee, F.L.; Gabe, E.J.; Acta Crystallogr-, Sect. C. 42 (1986) 1876'

2. Ng. S.W.; Acta Crystallogr., Sect. C. 51 (1996) 2292'

3. Ng, S.W.; Acta Crystallogr., Sect. C. 53 (1997) 56.

4. Bondi, A.J.; J. Phys. Chem. 68 (1964) 414'

5. Gynane, M.J.S.; Lappert, N.J.; Miles, S'J.; Cafty, A.J'; Taylor, N'J'; J' Chem'

Soc., Dalton Trans. ('1977) 2009.

6. Wharf, l.; simard, M.G.; McGinn, K.; Acta Crystallogr., sect. c. 51 (1995)
236.



Chapter 6

Determination of Hypervalency and

Comparative Studies of Tetraorganotin
Compounds of the form RgR'Sn Between

the Solid State and Gaseous Phase
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6.1 Introduction

ln this Chapter, the focus of investigation will be on a series of tetraorganotin

compounds of the general formula R3R'Sn, such that R' contains either an oxygen or

nitrogen substituent. Using X-ray crystallography, these compounds show weak

intramolecular interactions between tin and oxygen or nitrogen in the solid state [1-

Bl. These compounds show Sn...O or Sn...N distances that fall within the sum of their

respective van der Waals radii, but these distances are longer than the sum of their

covalent radii. The question that was posed for monoorganotin chloride compounds

(Chapter 3) is posed again: are these intramolecular interactions caused by crystal

packing effects in order for the molecules to maximise packing efficiency?

Alternatively, are they genuine hypervalent interactions?

ln this Chapter it is endeavoured to determine whether the intramolecular

interactions are genuine interactions and not brought about by crystal packing effects.

To determine this, ab initio molecular orbital calculations were undertaken on these

molecules as the results of ab initio molecular orbital calculations give a

representation of the isolated structure.

Moreover, different basis sets will be used in order to show that the results

obtained are not a result of the peculiarities of a particular basis set. The molecular

geometries generated from ab initio molecular orbital calculations were then

compared to the literature results from crystallographic studies to determine

persistence of hypervalent Sn"'O or Sn"'N interactions'

6.2 Experimental

All calculations undertaken used the HF level of theory with the Lanl2dz and

g-21G** basis set. See Chapler 2 for the experimental protocol' Further, 3-

21G*, was augmented with polarisation functions placed upon any electronegative

atoms in the molecules: oxygen as in Chapter 3, nitrogen has one d-type function ((a =

0.8), and sulphur had one set f-type function ((f=0.55) [9]. BLYP and hybrid
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HF/DFT theory were also employed on (2-carbomethoxy-1,4-cyclohexadien-1-

yl)trimethyltin.

6.3 Besu/fs and Discussion

A number of previous studies have used both crystallographic and theoretical

methods to determine the effects of intermolecular forces on molecular geometry [10,

111. Adopting this approach allows the comparison of geometric parameters in the

solid (X-ray crystallography) and gaseous phases (theoretical calculations).

Differences between the two states can be attributed to the effects of crystal packing

found in the solid state, and from this, the influence of crystal packing on molecular

geometry can be determined.

lf a shortened Sn...donor distance as seen in the solid state persists after

geometry optimisation, then the contact is deemed not to have been an effect of crystal

packing. Therefore, in that situation, it can be said that the tin centre forms

intramolecular interactions and exists in a hypervalent state.

(¡) (Z)-2-Methyl-3-triphenylstannyl-pent-3-en-2-ol (1)

Table 1 shows selected geometric parameters of the molecule from X-ray

crystallographic studies [1] and ab initio molecular orbital calculations. Figure

1 (a) shows the geometry-optimised structure of (z) -2 - m et h y l- 3 -

triphenylstannyl-pent-3-en-2-ol and Figure 1(b) presents a schematic diagram of

the structure.

The authors of the crystallographic study [1] showed that the molecule existed

in a distorted tetrahedral structure slightly deviating towards a trigonal bipyramidal

structure. All sn-c bond lengths were experimentally equivalent. The angles about

the tin atom ranged from 103.9(1) to 110.8(1)o, showing minor deviations from

the standard 109.5' tetrahedral angle except for the C(2)-Sn-C(4) angle of

118.0(1)" which showed a greater deviation.



c(l)

Sn c(4)

c(3)
o(1)

Figure 1(a). Geometry-optimised structure ol (/-2-methyl-3-triphenylstannyl-- pent-3-en-2-ol. Note that C(2) is obscured in this figure by the tin centre.

c(2)
c(4)

Sn

c(3) o(1)

Geometry-optimised structure of (Z)'3,4,4-trimethyl-1 -

(triphenylstannyl)- 1 -penten-3-ol'

c(1

Figure 2(a).



Table 1. Selected geometric parameters (4, deg.) lor (Z)-2-methyl-3-triphenylstannyl-pent-3-en-2-ol
derived from X-ray crystallography (X-ray) [1] and ab initio molecular orbital using HF lwith the Lanl2dz
basis set and the 3-21G** basis set without and with polarisation functions, O((cFO.8)1.

Parameter X-ray Lanl2dz 3-21 G **
3-21G**

(+ polarisation)

Sn - C(1)

Sn - C(2)

Sn - C(3)

Sn - c(a)

Sn "'O
c(1) -Sn-C(2)
c(1) -Sn-c(3)
c(1)-Sn-C(4)
c(2)-Sn-c(3)
c(2)-sn-c(a)
c(3) -sn-C(4)
sn-C(a) -c(o)
c(4)-c(o)-o
c(1) -Sn "'o
sn-C(a) -c(o) -o

2.125(3)
2.12e(3)
2.1 1 8(3)

2.125(3)
3.012(3)
103.e(1)
108.2(1)
107.8(1)
't 07 .7 (11

1 18.0(1)

110.8(1)
114.e(2)
102.7 (3)

14e.5(1)
-43.6(4)

2.15

2.14

2.13

2.15

2.75

102.6

107 .7

107 .8

1 09.0

1 18.1

1 10.8

111.0

101.6

1 59.1

-23.8

2.20

2.18

2.17

2.19

2.52

100.9

1 05.8

107 .6

1 10.3

119.0

111.8

1 05.1

100.8

163.6

-17.3

2.19

2.18

2.17

2.18

2.62

101 .7

107.0

1 08.8

109.3

117 .9

1 12.2

1 05.9

102.6

162.7

21.8
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The increase in the magnitude of C(2)-Sn-C(4) [and slight increase in the

magnitude of C(3)-Sn-C(4)l was most likely caused by the O(1) atom approaching

the tin centre. The Sn...O(1) distance is 3.012(3) A and is representative of a weak

interaction (bond order 0.04 [12]) but, is within the sum of the van der Waals radii

(3.70 Ä for tin and oxygen t13l). To compensate for the expansion of the C(2)-Sn-

C(4) angte, the C(1)-Sn-C(2) angle is compressed. The distortion of the molecule

towards a trigonal bipyramidal geometry, via a Sn"'O(1) interaction, results in a

twisted 2-methyl-3-pentene-2-ol ligand as seen in the Sn-C(4)-C(O)-O) torsion

angle of -43.6(4)'.

For all basis sets, geometry optimisation has shown elongations in all Sn-C

distances. These elongations may be due to the inherent nature of the theoretical

model used [14]. lt can be seen, on average, that the 3-21G** basis set produced the

most elongated Sn-C bond lengths, this was followed by the polarised 3-21G** basis

set, and then 3-21G**. lt could be said that the Sn-C parameters are exaggerated for

these basis sets, a result that may be caused by shortcomings in the basis set'

Polarisation functions seem to make no difference to the exaggerations but are

important in determining the extent of hypervalent interactions [15].

After optimisation, it can be seen from Table 1 the Sn-C bonds have become

distinct from their equivalence in the solid state. Geometry optimisation of the

molecule does not lead to symmetrisation of the molecule. lt can be seen that there is

great elongation in the length of the Sn-C(1) bond (2.15 Ä, Lanl2dz)' This is because

it occupies a position transtothe O(1) atom. The least affected by O(1) appears to be

Sn-C(3) - the shortest of all Sn-C distances. However, Sn-C(4) is also quite

elongated (2.15 A). This observation may relate to the nature of the organic

substituents (i.e. both steric and electronic effects)'

The optimisation of the molecule in the gas phase showed that the Sn"'O

hrrnarrralonr inrera4tion has persisted through phase change, decreasing to a distance
I lyP9l vqlvl rf rr rlvrs\

ot 215 Å for lanl2dz (bond order 0.09 - see Table 10 [12]), 2'52 
^ 

for the 3-
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21G** (bond order 0.19), and 2.62 
^ 

for the polarised 3-21G** basis set (bond

order 0.13). Yet again, it can be seen that the polarisation functions provide only

minor correction to the results of the 3-21G** basis sets. However, notwithstanding

the great differences in the Sn...O distance between the basis sets, there is a trend of

the Sn...O separation decreasing in the gaseous phase. This implies that an Sn"'O

hypervalent interaction is present in both phases and seems unlikely to arise as a

result of crystal packing effects or is related to the choice of basis set.

HEC

c(1)
c(4) CHs

c(2) CHg
OH

c(3)

Figure 1(b). A diagram of (1) showing the hypervalent
interaction between the tin centre and the oxygen atom.

The fewer degrees of freedom in the R' ligand may hinder the approach of the

oxygen atom, i.e. that oxygen resides on a 4-membered "ring" of Sn"'OCC' ln the

following molecules described each possesses five members in their "rings"'

As one goes from Lanl2dz to the 3-21G** basis set, there is also a trend for

the C-Sn-C angles to be more disparate from the solid state. However, the basis sets

all show consistency in that the values obtained for the C-Sn-C angles do not radically

differ from each other. The C(2)-Sn-C(4) angle is still the largest angle in the
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gaseous phase (and largest in the 3-21G** basis set), and the C(1)-Sn-C(2) angle

is the smallest (and smallest in the 3-21G** basis set).

The sum of the angles in the trigonat plane composed of C(2)-Sn-C(3), C(2)-

Sn-C(4) and C(3)-Sn-C(4), reaches a maximum value of 341.1o for the 3-21G**

basis set compared with the solid state value of 336.5". The sums show that the

structure is approaching the ideal trigonal bipyramidal geometry, however, it is still

far from the ideal geometry that has a trigonal plane sum of 360'. This proposition

is reinforced by the C(1)-Sn"'O axial angle (if C(1) and oxygen are assumed to be

the axial occupiers), which is quite far from the axial angle of an ideal trigonal

bipyramidal of 180". Notwithstanding this, there is a great increase of the C(1)-

Sn...O axial angle from the solid state of 149.5(1)" to 163.6'in the gaseous phase

with the 3-21G** basis set. Moreover, upon optimisation, only C(2)-Sn-C(3)

increased above 109.5" with the 3-21G** basis set, indicating that there is still

only minor deviation towards a trigonal bipyramidal structure

lnterestingly, the torsion angle of Sn-C(a)-C(O)-O is reduced by

optimisation to -23.8o for the Lanl2dz basis set and -17.3" Íor the 3-21G** basis

set. The polarised 3-21G** basis set on the hand twists past 0' to 21.8". The

diminishing Sn-C(a)-C(O)-O torsion angle related to the increased strength of the

Sn"'O hypervalent interaction'

(i¡) (Z)-3,4,4-Trimethyt-1-(triphenytstannyt)-1'penten-3-ol (2)

Table 2 shows selected geometric parameters of the molecule from X-ray

crystallographic studie s l22l and ab initio molecular orbital calculations. Figure

2(al shows the geometry-optimised structure of (z)'3,4,4-lrimethyl-1-

(triphenylstannyl)-1-penten-3-ol and Figure 2(b) presents a schematic diagram of

the structure

The crystallographic study of this molecule [2] sh ws that in the solid state it

exists in a distorted trigonal bipyramidal structure such that o(1) and its vectorially



Table 2. Selected geometric parameters (Ä, deg.) lor {Q-3,4,4-trimethyl-1-(triphenylstannyl)-1-penten-3-
ol derived from X-ray crystallography (X-ray) t2l and ab initio molecular orbital calculations using HF

lwith the Lanlldz nas¡s set and the 
-3-21G.; 

basis set without and with polarisation functions, O((cF0.8)].

Parameter X-ray Lanl2dz 3-21G** 3-21 G**
(+ polarisation)

Sn - c(1)

Sn - C(2)

Sn - C(3)

Sn - c(a)

Sn "'O

c(1) -Sn-c(2)
c(1) -Sn-C(3)
c(1) -sn-c(4)
c(2) -Sn-C(3)
c(2) -Sn-C(4)
c(3) -Sn-C(a)
sn-c(a) -c(c)
c(4) -c(c) -c(o)
C(2) -Sn "'o
sn-c(a) -c(c)-c(o)
c(4) -c(c) -c(o) -o

2.121 (7)

2.13s(7)
2.122(7)
2.107 (8)

2.77 2(5)

104.2(3)
1 0e.4(3)
1 18.4(3)
1 03.5 (3)

101.6(3)

1 17.3(3)

127.9(7',)

12e(1)
1 66.4(2)

3(2)
-10(2)

2.1 4

2.16

2.14

2.12

2.70

103.9

1 10.4

119.6

104.1

1 00.7

1 15.s

127.4

125.7

167 .O

0.3

-8.5

2.18

2.20

2.18

2.17

2.49

103.1

1 10.9

120.9

1 02.9

99.7

1 15.8

122.8

124.4

1 69.1

-o.2
-7.4

2.18

2.19

2.18

2.17

2.58

103.8

1 10.5

120.4

1 03.7

100.6

115.1

1 23.6

124.6

169.1

-0.3
-8.3
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opposite C(2) atom occupy the axial positions. This distortion is caused by the O(1)

atom approaching the tin centre, the distance between them being 2.772(5) Å (UonO

order 0.08). lt is regarded as a weak hypervalent interaction, but clearly within the

sum of the van der Waals radii (3.70 A for tin and oxygen [12]). The "adjacent"

angles of C(1)-Sn-C(a) and C(3)-Sn-C(a) around the incoming oxygen open up

(118.4(3)" and 117.3(3)", respectively) to allow for the approach to the tin

centre. Angles involving C(2) (which are opposite to the incoming oxygen atom)

shrink to accommodate the expansion of the C(1)-Sn-C(4) and C(3)-Sn-C(a)

angles. Prima facie, the Sn-C(2) bond is slightly elongated compared to the other

Sn-C bonds, being opposite O(1). lt seems that C(1), C(3) and C(4) would be the

most likely members of the trigonal plane based on the larger angles, and the oxygen

atom and C(2) to be axial occupiers.

With error taken into consideration, the Sn-C(4)-C(C)-C(O) torsion angle of

g(2)" in the 3,4,4-trimethyl-1-1-penten-3-ol ligand has planarity in the solid

state.

After geometry optimisation using the three basis sets, the oxygen came in

closer significantly, such that the sn"'o(1) length was 2.70 Ä for Lanl2dz (bond

order 0.1 O), 2.4g A for the 3-21G*' basis set (bond order 0.20), and 2'58 Å for

the polarised 3-21G** basis set (bond order 0.15). As for the Sn-C bond lengths'

the B-21G** basis set showed significant elongation of all Sn-C bonds. Sn-C(2) had

the longest sn-c length, this is expected as it is frans to the oxygen atom.

As seen previously for 1, the values obtained for the angles differ most using

the 3-21G** basis set compared with the values obtained f rom X-ray

crystallography. Lanl2dz produced the most similar results in comparison to the X'

ray crystallographic values. The C(1)-Sn-C(a) angle expands from the Lanl2dz

basis set to the 3-21G** basis set. The larger value obtained for the angle using the

3-21G** basis set is to make space for the relatively shortened Sn"'O hypervalent

bond; likewise for the greater compression of the C(2)-Sn'C(4) angle' On the other
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hand, however, the C(3)-Sn-C(a) angle shrinks in the gaseous phase, and,

surprisingly, the most in the polarised 3-21G** basis set. This may be caused by

the expansion of the C(1)-Sn-C(4) angle. Angles involving C(2)' in general, also

become reduced in magnitude in the gaseous phase. ln the trigonal bipyramidal

description, trigonal angles c(1)-sn-c(3), c(1)-sn-c(4) and c(3)-sn-c(4)

shows that the sum reaches a maximum value ol 347.6" for the 3-21G** basis set

(compared with the solid state value of 345.1"): this reflects the impact of the

incoming oxygen atom. The axial angle of C(2)-Sn"'O slightly increases for 2 in

comparison to 1. The gaseous phase reaches its maximum value with the 3-21G**

basis set and its polarised counterpart of 169.1'from the solid state value of

1 66.4(2)".

ln the gaseous phase, for all basis sets, the molecule retains some minor twist

in the C(4)-C(C)-C(O)-O torsion angle, most likely caused by the steric hindrance

of the 3,4,4-trimethyl-1-penten-2-ol ligand. The torsion angle Sn-C(a)-C(C)-

C(O) retains planarity in the gaseous phase according to all basis sets'

c(2)
c(1)

CH 3

C 4)

OH CHs

CHe

/\ CHs
c(3)

Figure 2(b). A diagram of (2) showing the hypervalent
inleraction between the tin centre ancj the oxygen aiom'
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The fact that the oxygen atom belongs to a Sn"'OCCC S-atom ring system may

allow the oxygen atom to come in closer owing to the greater number of degrees of

freedom compared with 1 (Sn"'O separation is 2.70 R for 2 c.l. 2.75 Ä for 1,

Lanl2dz), where the oxygen belongs to a Sn"'OCC system, i.e. a four-ring system'

(¡i¡) (Z)-1-t2-(Triphenylstannyl)vinyll-1-cycloheptanol (3) and

(iv) (Z)-1 -[2-(Tri-p-tolylstannyl)vinyl]-1 -cycloheptanol (4)

Figures 3(a) and 4(a) show the geometry-optimised structures of (4-1'

[2-(tri phenylstannyl)vinyl]- 1 -cycloheptano I and (Z)-1 -12'(t ri -p -

tolylstannyl)vinyll-1-cycloheptanol, respectively. Figures 3(b) and 4(b) present

schematic diagrams of 3 and 4, respectively. Tables 3 and 4 show a listing of selected

parameters of the molecules from the X-ray crystallographic study [3] and geometry

optimisations.

The crystal structures of these molecules [3] show that both molecules

exhibit essentially a tetrahedral geometry with minor distortions to the five-

coordinate trigonal bipyramidal configuration. Both molecules in the solid state [3]

show essentially the same variations as those seen in 2, that is, showing weak

intramolecular interactions between their tin centres and oxygen atoms, 2'742P) 
^

(bond order 0.09) and 2.768(3) Ä (Oond order 0.08), respectively. These distances

fall within the sum of the van der Waals radii (3.70 Ä¡ tor tin and oxygen. ln 3, all

Sn-C distances were the same experimentally, except for the Sn-C(a) bond distance

which is significantly shorter than the Sn-C(2) bond. ln 4, all Sn-C bond distances

are equivalent with the exception of the Sn-C(4) bond'

For both molecules, values for angles closest to the oxygen atom expanded

beyond the ideal tetrahedral angle to accommodate the incoming oxygen atom: c(1)-

sn-c(3), c(1)-sn-c(a) and c(3)-sn-c(4) are greater than 109.5'; angles

annaoira r^ ^vì,^ên ârê nômnrêsscd li c anoles involvinq C(2)l'vyyverlv rv v^tYvr



c( 1)

c(4)

c(2) Sn

o(1)

c(3)

Figure 3(a). Geometry-optimised structure of (4-1-12'
(triphenylstannyl)vinyll- 1 -cycloheptanol.

c(4)

Sn o(1)

c(3)

Figure 4(a). Geometry-optimised structure of (Z\'1-12-(tri'p-
tolylstannyl)vinyll-1 -cycloheptanol.

c(2)

c(1)



Table 3. Selected geometric parameters (Å, deg.) for (Z)-1-[2-(triphenylstannyl)vinyl]-1-cycloheptanol
derived from X-ray crystallography (X-ray) [3] and ab initio molecular orbital calculations using HF [with the
Lanl2dz basis set and the 3-21G** basis set without and with polarisation functions, O((æ0.8)l

Parameter X- ray

2.1 1 o (4)

2.13e(4)
2.1 1 6 (4)

2.08 e (5 )

2.7 42(3)

103.e(1)
1 1 0.1 (2)

1 12.8(2)

103.2(2)
1 04.8 (2 )

120 .O (z',)

127.6(4)
127.4(4)
167 .7 (1)

4.8(8)
-10.7(2)

Lanl2dz

2.14

2.16

2.1 4

2.12

2.63

103.4

111.5

117 .7

103.8

101.1

't 16.7

126.3

125.4

168.3

0.0
-6.5

3-21G**

2.17

2.20

2.18

2.17

2.50

103.5

111.8

1 18.8

102.8

100.3

116.4

122.5

124.5

169.4

-o.2
-5.5

3-21G**
(+ polarisation)

Sn - c(1)

Sn - C(2)

Sn - C(3)

Sn - C(4)

Sn...O

c(1) -sn-c(2)
c(1) -sn-c(3)
c(1)-Sn-C(a)
c(2) -Sn-C(3)
c(2)-Sn-C(4)
c(3)-Sn-c(4)
Sn-C(4) -c
c(4) -c-c(o)
C(2) -Sn '.'O
sn-c(4) -c-c(o)
c(4) -c-c(o) -o

2.17

2.19

2.18

2.'t7
2.60

104.2

111 .4

118.7

103.6

101 .2

1 15.3

123.5

124.9

169.4

-0.6
-5.5



Table 4. Selected geometric parameters (4, deg.) lor (Z)-1-[2-(tri-p-tolylstannyl)vinyl]-1-cycloheptanol
derived from X-ray crystallography (X-ray) [3] and ab initio molecular orbital calculations using HF [with the
Lanl2dz basis set and the 3-21G"* basis set without and with polarisation functions, O((o=0.8)1.

Parameter X-ray

2.123(4)
2.136(5)
2.1 1e(5)
2.O87 (5)

2.7 68 (3 )

103.0(2)
113.e(2)
115.2(2)
103.4(2)
102.8(2)
116.0(2)
128.7 (4)

1 26.6 (5 )

168.4(1)
0.32(3)
1.2(4)

Lanl2dz

2.14

2.16

2.14

2.13

2.65

103.7

111.6

117 .4

104.0

101 .1

116.5

126.6

125.5

168.0

0.1

-6.6

3-21G**

2.17

2.20

2.18

2.18

2.47

103.2

111 .7

118.7

102.7

100.1

117 .O

122.4

124.3

169.5

o.4

-8.2

3-21 G**
(+ polarisation)

2.17

2.20

2.18

2.18

2.47

103.2

1 1't .7

1 18.7

102.7

1 00.1

1't7 .O

122.4

124.3

1 69.5

0.4
-8.2

Sn - C(1)

Sn - C(2)

Sn - C(3)

Sn - C(4)

Sn "'O
c(1) -sn-c(2)
c(1) -Sn-C(3)
c(1) -sn-C(4)
c(2) -sn-c(3)
c(2)-Sn-c(a)
c(3)-Sn-c(4)
Sn-C(4) -c
c(4) -c-c(o)
C(2) -Sn "'o
sn-C(a)-c-c(o)
c(4)-c-c(o)-o
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There is a slight twist in the C(4)-C-C(O)-O torsion angle in the

cycloheptanol ligand of 3 with a value ol -1O.7(2)o, whereas 4 has experimental

planarity. Molecule 3 also has a twist in the torsion angle of Sn-C(4)-C-C(O) of

4.8(8)" whilst 4 has a planar sn-c(a)-c-c(o) torsion angle (see Table 4).

Upon optimisation, the 3-21G** basis set and its polarised counterpart

generated identical results. As seen in 1 and 2, optimisation using all basis sets has

resulted in a significant reduction in the Sn"'O distance. For 3, the Sn"'O distances

were:2.63 Å for Lanl2dz (bond order 0.13),2.50 Å tor 3-21G** (bond order

O.2O), and 2.60 A for polarised 3-21G.. (bond order 0.14). The equivalent values

lor 4:2.65 A (bond order 0.1 2), 2.47 Ä lnonO order 0.22), and 2.47 
^ 

(bond order

O.Z2). These results show that the hypervalent Sn"'O interaction in each of 3 and 4

is real, as both basis set and crystal packing effects have been removed. As seen

before, the 3-21G** basis set produces the shortest Sn"'O bond length' Comparing 3

and 4, the oxygen atom is a lot closer to the tin centre in 3 than in 4, 2'742(3) ,Â

(X-ray)/2.63 A (Lant2dz) compared with 2.768(9) ìttZ.AS Å (Lanl2dz)' This is

because of the lower Lewis acidity in 3 with the electropositive phenyl substituents,

i.e. a result consistent with electronic arguments.

For both 3 and 4, all Sn-C bonds are longer than their solid state values.

Upon optimisation, for both molecules, the Sn-C(2) bond distance was longer than

other Sn-C bonds in both molecules because it was translo the Sn"'O(1) hypervalent

interaction.

ln comparison to the solid state, all basis sets produced a significant expansion

of the c(1)-sn-c(4) angle for both molecules. However, c(3)-sn'c(4) shrank in

3 for all basis sets, and expanded in 4 for all basis sets. The reduction in the C(3)-

Sn-C(4) for 3 most likely occurred because of the significant expansion of the

C(1)-Sn-C(4) angle in the gaseous phase (compare this with 4, whose C(1)-Sn-

C(4) angle does not expand so drastically). The C(1)-Sn-C(3) angle in both 3 and 4

is sligh¡y larger than the standard tetrahedral angle in the solid state and roughly
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retains the same angle as its theoretical structure. However, the minor increase 3

may be due to the reduction in the C(S)-Sn-C(4) angle; the converse may be said

about 4.

c(1)

2)\ c(4)

OH

c(3)

Figure 3(b). A diagram of (3) showing the hypervalent
interaction between the tin centre and the oxygen atom'

The angles that were significantly smaller than the standard tetrahedral angle

in the solid state structure of 3 and 4 remain relatively the same in the gaseous

phase. As seen before, for both 3 and 4, the angle deviation from the solid state is the

greatest for the 3-21G** basis set. The sum of the angles of C(1)-Sn-C(3)' C(1)-

sn-c(4) and c(3)-sn-c(a), i.e. the trigonal plane in the trigonal bipyramidal

description attains a maximum value ol 347'0" for (3) and 347'4" for (4) both

with the 3-21G** basis set and its polarised counterpart [compared with the solid

state values of g42.g'(3) and 344.1" (4)l' This result shows that both the

experimental and theoretical structures are very similar in terms of coordination

geometry. Further, the c(2)-Sn...O axial angles in the solid state are 167'7(1)'and

168.4(1)", for 3 and 4, respectively. The axiai angies increase modesti'y, with
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maximum values reached for the 3-21G** basis set and its polarised counterpart of

169.4" and 169.5o, for 3 and 4, respectively.

3

1)
CHg

C(2) 4

OH

c(3)

cHs

Figure 4(b). A diagram of (4) showing the hypervalent
interaction between the tin centre and the oxygen atom.

ln the solid state, the cycloheptylanol rings of 3 and 4 are conformationally

different but, optimisation of the molecules results in more equivalent conformations.

ln both molecules, planarity is approached for the Sn-C(4)-C-C(O) and C(4)-C-

C(O)-O angles in 3. ln 4, the C(4)-C-C(O)-O angle becomes more twisted. Finally,

it is noteworthy that all the parameters for 3 and 4 in general are very similar'

However, the Sn'..O distance is shorter in 3 than in 4, a result that may be linked to

the different Lewis acidities of the tin centres as mentioned above'
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(v) (2-Carbomethoxy-1,4-cyclohexadien-1-yl)trimethyltin (5)

Table 5 shows selected geometric parameters of the molecule from X-ray

crystallographic studies [4] and ab initio molecular orbital calculations. Figure

5(a) shows the geometry-optimised structure of (2-carbomethoxy-1,4-

cyclohexadien-1-yl)trimethyltin and Figure 5(b) presents a schematic diagram of

the structure.

The first four compounds discussed above involved Sn"'O interactions where

the oxygen atom is a part of an alcohol group, compared with here where the oxygen

atom is part of a ketone group. ln the solid state, the structure is a distorted

tetrahedral geometry, approaching trigonal bipyramidal geometry l4l. The C(2)-

Sn-C(3), C(2)-Sn-C(4) and C(3)-Sn-C(4) angles that make up the trigonal plane

are 1 13.1(2)", 1 1 1.0(2)", and 115.7(2)", respectively t4l and signif icantly

greater than the standard tetrahedral angle. The distortion in the structure is further

evidenced by the axial angle ol 172.4(2)'[C(1)-Sn".O, if the axial occupiers are O

and C(1)l c.f. the ideal axial angle of 180". lt is the largest axial angle seen for

Chapter 3 and 6.

Prima facie, the fact that the oxygen atom is part of a ketone group does not

seem to prevent the oxygen atom from approaching the tin centre. The distance

between tin and O(1) in the solid state is 2.781(3) Å (bonO order 0.08). This is a

weak hypervalent interaction, but clearly within the sum of the van der Waals radii

(3.70 A for tin and oxygen). ln the solid state, all Sn-C distances are experimentally

equal in length.

Along with the normal optimisation with various basis sets, optimisations

were also undertaken with the BLYP and hybrid HF/DFT theories. After optimisation,

the molecule has symmetric parameters and mirror symmetry running through the

R' ligand. The R' ligand becomes planar in the gaseous phase regardless of the level of

theory and choice of basis set [see Table 5 for the Sn-C(Ph)-C(O)-O(1) torsion



c(3)
c(2 o(1)

o(2)

c(4)
c(1

Figure 5(a). Geometry-optimised structure of (2-carbomethoxy-1,4-
cyclohexad ien- 1 -yl)trimethyltin.

s(1)

Sn

c(2)
c(4)

c(1)

N(1)

Sn
o( 1)

,ll

Figure 6(a). Geometry-optimised structure of 12-(4, -dimethyl-2-oxazolinyl)-- g-tir¡ênytltri(p-totyt)-tin. Note that C(3) is obscured in this figure'



Table 5. Selected geometric parameters (4, deg.) for (2-carbomethoxy-1,4-cyclohexadien-1-yl)trimethyltin derived from X-ray
crystallography (X-ray) [4] and'ab initio molecular orbital calculations using HF [with the Lanl2dz basis set, and the 3-21G** basis

set without and with polarisation functions, tO((cFO.B)1.

Parameter
H F-3-21 G**

HF-3-21 G** (+ Polarisation)

Sn - c(1)

Sn - C(2)

Sn - C(3)

Sn - c(4)

Sn.'. O

c(1)-Sn-C(2)
c(1) - Sn - C(3)

c(1) -sn-c(4)
c(2)-Sn-C(3)
c(2) -Sn-C(4)
c(3)-Sn-C(a)
C(1) -Sn "'o
c(4) -c(Ph) -c(o)
c(4) -c(Ph)-c(o)

- o(1)

- o(2)

X-ray

2.150(5)
2.146(5)
2.127 (6)

2.177 (3)

2.7 81 (3)

106.3(2)
1 06.0 (2 )

103.7 (2)

113.1(2)
1 1 1 .0(2)
1 15 .7 (2)

17 2 .4 (2)

7.O

-173

HF-Lanl2dz

2.16

2.13

2.13

2.19

2.68

1 05.0

105.0

101 .6

1 16.1

1 13.6

113.6

170.5

0.0
- 1 80.0

B3LYP

2.16

2.14

2.14

2.19

2.7 4

105.5

1 05.5

101.9

115.1

1 13.6

113.6

171 .2

0.0

0.0

BLYP

2.18

2.16

2.'t6
2.20

2.80

105.6

105.6

102.3

't 1 4.7

113.6

113.6

171 .5

0.0

0.0

2.22

2.19

2.19

2.23

2.47

103.7

103.7

99.9

1 18.5

1 13.9

113.9

170.9

0.0

1 80.0

2.22

2.'19

2.19

2.22

2.50

103.8

103.8

100.7

117 .6

114.1

114.1

171 .6

0.0

-180.0
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anglel. This increased symmetry is most likely due to the absence of crystal packing

forces [14, 15b].

The Sn'..O interaction decreases in length in the gaseous state, decreasing to

2.68 Â lor Lanl2dz (bond order 0.11), 2.74 A for B3LYP and 3-21G** (bond order

0.22),2.80 A for BLYP, 2.50 Å for the polarised 3-21G** basis set (bond order

O.2O). lt is therefore possible to conclude that the Sn"'O contact is a true

hypervalent interaction.

(2)Hgc
CH 3

o(1) /
o(2)

c 4)
c(1 )H3

Figure 5(b). A diagram of (5) showing the hypervalent
interaction between the tin centre and the oxygen atom.

Of the distances, Sn-C(4) has the longest distance due to the bulk of R' and

different electronic profile compared with the small methyl atoms, this result is

consistent for all basis sets. The distance of Sn-C(1) is consistently and significantly

longer than Sn-C(2) and Sn-C(3), occupying a position diagonally opposite to the

incoming oxygen atom. lt is interesting that all basis sets show symmetrisation

between the Sn-C(2) and Sn-C(3) distances, and C(2)'Sn-C(3) and C(2)-Sn-C(a)

angles. The C(1)-Sn-C(2) and C(1)-Sn-C(3) angles maintain their symmetrical

nature as found in the solid state.

It is also interesting that both the 3-21G** basis set produces the shortest

--.. ¡L- ô ô{r^** r^^aì¡ aa+ ¡till nrar{rr¡oc tho mnsl elOnOated
Sn"'LJ OlSIanCe' nOWeVel' tllti \)-érrlz vqÞre eer er¡¡r vr

Sn-C distances on average; this obviously is an effect of the basis set'
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Angles involving C(1) are smaller than non-C(1) angles both in the solid and

gaseous states. Assuming a trigonal bipyramidal arrangement, the sum of the angles

of the trigonal plane [c(2)-sn-c(3), c(2)-sn-c(a) and c(3)-sn-c(4)] is

346.3" for the 3-21G** basis set compared with the solid state value of 339.8'' At

all levels of theory, and again if a trigonal bipyramidal arrangement is assumed, the

axial angle of C(1)-Sn...O decreases from the solid state value. The above shows the

structure of 5 in the gas phase, is still a intermediate of the tetrahedral and trigonal

bipyramidal geometries.

(v¡)[2-(4,4-Dimethyl-2-oxazotinyl)-3.thienyl]tri(p-tolyl)tin(6)

Figure 6(a) shows the geometry-optimised structure of l2-(4,4'dimethyl-

2-oxazolinyl)-3-thienylltri(p-tolyl)tin. Figure 6(b) presents a schematic

diagram of the structure. Table 6 shows a listing of selected parameters from X-ray

crystallography tsl and geometry optimisations.

This molecule has three potential donor atoms, i'e. nitrogen, oxygen and

sulphur for intra- and inter-molecular hypervalent interactions to tin, but

coordination involves the cycloether-oxygen residing on R' [5]. The distance between

tin and oxygen is 2.977(3) R ¡n tne solid state (bond order O'04) and is within the

sum of the van der Waals radii (3.70 Å for tin and oxygen)'

ln the solid state the tin atom exists in a distorted geometry somewhere

between a tetrahedral and a trigonal bipyramidal geometry' This arrangement is

maintained in the gaseous Phase.

Thec(1)-Sn.c(3)andc(3)-Sn-c(4)anglesaretheonlyangles

significantly larger than the ideal tetrahedral angle and the angle of C(2)-Sn-C(3) ¡s

experimentally equivalent to the ideal tetrahedral angle' Upon the aforementioned

observations, the C(1), C(3), and C(4) atoms are the members of the trigonal plane

if a trigonal bipyramidal arrangement is assumed'



Table 6. Selected geometric parameters (,4, deg.) for l2-(4,4-dimethyl-2-oxazolinyl)-3-thienylltri(p-tolyl)-tin
derived from X-ray cryãtallography (X-ray) tsl and ab initio molecular orbital calculations using HF [with the Lanl2dz

basis set and the 3-21G** basis set without and with polarisation functions, 0((60.8), N((60'8), S((f0.55)].

Parameter X-ray Lanl2dz 3-21G** 3-21 G*'
(+ polarisation)

Sn - C(1)

Sn - C(2)

Sn - C(3)

Sn - C(a)

Sn "'O
c(1) -Sn-c(2)
c(1) -sn-c(3)
c(1) -sn-C(a)
c(2)-sn-c(3)
c(2) -sn-c(4)
c(3)-sn-c(4)
sn-C(a) -c(S)
c(4) -c(s)-c(o)
C(2) -Sn "'O
sn-c(a) -c(s) -c(o)
c(4) -c(s)-c(o) -o

2.134(4',)

2.1 44(4)

2.124(41

2.151 (4)

2.e77 (3)

107 .2(2)
't 12.5(2)
108.5(2)
10e.5(2)
105.2(2)
113.5(2)
1 26.3 (4)

128.6(4)
16e.7(1)

3.4(7)
-12.0(6)

2.12

2.14

2.13

2.15

2.85

106.2

1 14.9

111.5

104.5

1 03.5

1 15.0

126.1

125.s

170.1

1.4

7.5

2.17

2.19

2.'t7

2.18

2.53

102.3

117 .7

1 13.8

101 .B

102.9

115.2

121 .6

123.O

17 2.5

0.3

2.O

2.17

2.18

2.17

2.18

2.76

1 05.9

1 14.3

111.0

104.1

1 03.3

116.7

124.O

124.6

170.5

2.1

10.2
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Upon optimisation, the 3-21G** and the polarised 3-21G** basis sets

produced Sn-C bond lengths that were greater than those observed in the solid state.

The Lanl2dz basis set produced Sn-C bond lengths equivalent to the solid state values.

For all basis sets, the Sn-C(4) bond was consistently the longest bond of all Sn-C

bonds.

The Sn-C(1) and the Sn-C(3) bonds are similar in length with optimisation

using the Lanl2dz basis set but are identical when the 3-21G** and the polarised 3-

21G** basis sets are used. This confirms that C(1) and C(3) are in similar

chemical environments.

Using all levels of theory, the Sn...O distance contracts significantly. The

greatest contraction observed is when the 3-21G*'basis set is used, where the Sn"'O

distance is 2.53 A lUonO order 0.18). These results show that the supposed

hypervalent Sn...O interaction is real, as crystal packing effects have been removed.

Most noteworthy of the angles ate c(1)-sn-c(3), c(1)-sn-c(a), and

C(2)-Sn-C(3). The first two angles mentioned significantly increased in magnitude

from their solid state values, reaching their maximum values with the 3-21G**

basis set (117.7" and 113.8o, respectively). The C(2)-Sn-C(3) angle on the other

hand, was greatly reduced in size, in particular with the 3-21G** basis set

(101.8"). Parameters obtained with the Lanl2dz basis set in general conformed with

those obtained with the 3-21G** basis set.

As in the solid state, the optimised-geometry is somewhere between

tetrahedral and trigonal bipyramidal geometries. The 3-21G'* basis set produced

the structure closest to trigonal bipyramidal. ln both states the atoms defining the

trigonal plane are C(1), C(3), and C(4). This is evidenced by the angles of C(1)-

Sn-C(3), C(1)-Sn-C(4), and c(3)-sn-c(4) all being larger than the standard

tetrahedral angle upon optimisation. The trigonal plane angle in the solid state is

334.5" and its largest value is 346.7'with the 3-21G** basis set. However, the

trigonal angle produced f rom the 3-21G** basis set is still considerably far from the
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ideal trigonal plane angle of 360'. The C(2)-Sn"'O axial angle in the solid state was

169.7(1)". ln the gaseous phase it reached 172.5" with the 3-21G** basis set, the

largest axial angle in the gaseous phase.

S (1)

(4
c

H

(2\ N (1)

Sn
o(1

c(3 ) c (1

HsC

CHs

Figure 6(b). A diagram of (6) showing the hypèrvalent
interaction between the tin centre and the oxygen atom.

ln all levels of theory, except the HF using the 3-21G** basis set, the C(4)-

C(S)-C(O)-O torsion angle retained a significant twist. However, the twist is

positive, compared to the solid state twist which is negative. The 3'21G** basis set

generated only a 2.0' twist in the C(4)-C(S)-C(O)-O torsion angle' The Sn-C(4)-

C(S)-C(O) torsion angle had only a minor twist for all basis sets, much like in the

solid state.

(v ii) C, N -[g- (2- Pyridyt) -2-th ienyl)]-tri- p-to lyl'tin (7 )

Table 7 shows selected geometric parameters lor 7 in the solid state [6] and

from geometry optimisations, and Figure 7(a) shows its geometry-optimised

structure. Figure 7(b) presents a schematic diagram of the structure'

CHs

H



N(1)

s(1 )

(4)

c(2)
Sn

Figure 7(a). Geometry-optimised structure of (C,N-(3-(2-pyridyl)-2-.
thieñyl))-tri-p-tolyl-tin. Note that C(1) is obscured in this figure by the tin

centre.

o (?)

1) 4)

c(
o(1)

Sn

c(3)

Figure I Geometry-optimised structure of Ibis(2-methoxy-3-tert-butyl-5-
methylphenyl)methyll-triphenyltin.



Table 7. Selected geometric parameters (4, deg.) for [C,N-(3-(2-pyridyl)-2-thienyl)]-tri-p-tolyl-tin
derived from X-ray crystallography (X-ray) [6] and ab initio molecular orbital calculations using HF [with the
Lanl2dz basis set and the 3-21G** basis set without and with polarisation functions, N((60.8), S((FO.55)1.

Parameter X- ray Lanl2dz 3-21G**
3-21G**

(+ polarisation)

Sn - C(1)

Sn - C(2)

Sn - C(3)

Sn - C(4)

Sn..'N

c(1) -Sn-C(2)
c(1) -sn-c(3)
c(1)-sn-c(4)
c(2) -sn-c(3)
c(2) -Sn-c(a)
c(3) -Sn-c(4)
c(4)-c-c(N)
c-c(N) -N
C(2) -Sn ... N

Sn-C(a) -c-c(N)
c(4) - c - c(N) - N

2.155(6)
2. 1 83 (6)

2.1 36(6)
2.1 53(6)
2.841 (7 \

104.0(2)
1 13.7 (2\

113.6(2)
1o4.5(2)
102.e(2)
1 16 .2(2)

122.2(6)
115.e(6)
166.6(2)

7.0 (1 )

-6.2(1)

2.13

2.15

2.13

2.14

2.76

103.7

1 16.5

113.3

102.4

102.7

115.6

120.9

1 15.2

17 0.2

-0.1

- 3.3

2.18

2.20

2.18

2.18

2.52

1 00.3

1 17.6

1 16.3

100.1

101 .1

116.4

1 19.8

1 15.3

171 .2

0.0

0.0

2.17

2.19

2.17

2.18

2.60

101.1

117 .5

1 15.4

1 00.9

102.4

1 15.5

120.4

1 15.0

171 .4

0.0

0.1
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This structure differs from all previous structures in that a nitrogen atom

forms a weak hypervalent interaction with tin, as opposed to an oxygen atom.

ln the solid state, all Sn-C distances are of equal length, except Sn-C(2)'

which is significantly longer. This is as expected as the C(2) atom occupies a position

translo the weakly associated N(1) atom'

ln the solid state, this molecule has a distorted trigonal bipyramidal geometry,

where the angles of c(1)-sn-c(3), c(1)-sn-c(4) and c(3)-sn-c(4) are

significantly greater than the standard tetrahedral angle, i'e' 113'7(2\",

113.6(2)", and 116.2(2)", respectively. The change in geometric configuration and

the widening of these in angles clearly occur to accommodate the incoming nitrogen

atom. The authors of the crystallographic paper [6] state there is no well defined

trigonal plane in the molecule. Consistent with this, the sum of the angles listed

above only meet a total of 343.5(4)o, not 360' as for the sum of angles between the

equatorial atoms in the classical model [6]. However, it is most likely that C(1)'

c(3), and c(a) will define the trigonal plane, and c(2) and the nitrogen atom will be

the axial occupiers.

ln order to accommodate the additional donor atom and steric demands of the

incoming bulky ligand, the sn-c(4)-c(N)-N torsion angle is -6.2(1)'and sn-

c(4)-c-c(N) is 7.0(1)'. This shows that a torsional twist between the thienyl and

pyridyl rings is evident.

The sn'..N "hypervalent" distance is 2.841(7) A (bond order 0'09) which

indicates the interaction is weak as the standard distance of a covalent sn-N bond is

2.oe A t6l.

upon optimisation in the gaseous phase, each basis set showed a decreased sn-

N distance: ol 2.73 Å (lanl2dz; bond order 0.11), 2'52 
^ 

(3-21G.*; bond order

O.2S), and 2.60 Å (polarised 3-21G**; bond order O'19)' The Sn-C distances

decrease in the gaseous phase for the Lanl2dz basis set, but Seem similar to the Sn-C

distances of 4 and 6. However, as Seen before, the 3-21G** basis set produces the
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longest Sn-C bond distances, followed by the polarised 3-21G** basis set. These

elongated bond distances may be caused by a limitation of the basis sets. The Sn-C(2)

distance is longer both in the solid and gaseous phases (after optimisation using all

basis sets) in comparison to Sn-C(1) and Sn-C(3) distance and this is consistent

with the solid state results.

HsC

c(1)
T'

)'o'

)

cHs c(2)- Sn

I

c(N)
/

N(1)

c (3

CHs

Figure 7(b). A diagram of (7) showing the hypervalent
interaction between the tin centre and the nitrogen atom'

It also seems in the gaseous phase (for all optimisations) the molecule

approaches the ideal structure of a trigonal bipyramidal structure' However, the

structure is still distorted. Firstly, the sum of the trigonal plane angles reaches its

maximum value of 350.3. with the 3-21G** basis set (compared with the solid

state: 343.5"), that is, still significantly lower than 360'. Secondly, the angles of

c(1)-sn-c(3), c(1)-sn-c(4) and c(3)-sn-c(4) approach 120", but still are

relatively far off: 117.6", 116.3o, and 116.4', respectively (3-21G** basis set)'

!-ikewise, the C(2)-Sn"'N axial angle was relatively far olÍ 170'2", 171'2o' and

171.4" (Lanl2dz, 3-21G**, polarised 3-21G**). Thus, the 3-21G** basis set
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produces a structure most closely resembling the ideal trigonal bipyramidal

configuration, whilst the Lanl2dz basis set produces the least ideal structure.

It is interesting to note that with all basis sets, the torsion angle of Sn-C(4)-

C(N)-N became 0'; whilst the majority of the other molecules still retained a slight

twist in the ligand containing the electronegative atom. Moreover, when using the 3-

21G** basis set and its polarised equivalent, there were signs of symmetrisation in

the motecules: the Sn-C(1) and Sn-C(3) distances became equal length and the C(1)-

sn-c(4) and c(3)-sn-c(4) angles that became approximately equivalent.

(viii) [Bis(2-methoxy-3-tert-butyl-5-methytphenyt)methyl]-triphenyltin (8 )

This molecule is very bulky and sterically strained, as can be seen from its

geometry-optimised structure seen in Figure 8. Selected geometric parameters from

X-ray crystallography t7l and geometry optimisations of the molecule are listed in

Table 8

This molecule contains two oxygen atoms, of which O(1) is hypervalently

interacting with the tin atom at a distance of 3.023(4) A (bond order 0'04) [7]; the

Sn...O(2) distance is 4.406(5) A. Only the Sn'..O(1) interaction is within the sum of

the van der Waals radii (3.70 Ä for tin and oxygen). The Sn"'O(1) contact is a weak

interaction indicated by the fact that all the angles about the tin centre are relatively

close to standard tetrahedral angle of 109.5": the range is 107.0(2)'to 112'9(2)"'

This may be compared to structures previously described where significant distortion

form the ideal tetrahedral geometry'

All Sn-C distances are experimentally equal in length except Sn-C(4)' The

length of the Sn-C( ) bond may be attributed to the fact that C(4) is a part of the

bulky bis(2-methoxy-3-tert-butyl-5-methylphenyl)methyl ligand and the bond is

elongated because of the hindrance caused by the ligand'

lmportant to note and contrary to that for 1 to 7 is that when the molecule is

optimised, the Sn"'O(1) distance increases to 3.1g Å in the gaseous phase using the



Table 8. Selected geometric parameters (4, deg.) for [bis(2-methoxy-3-tert-butyl-S-methylphenyl)methyl]-
triphenyltin derived frõm X-ray crystallography (X-ray) [7] and ab initio molecular orbital calculations using
HF [with the Lanl2dz basis sei anO the 3-21G.* basis set without and with polarisation functions, O((cF0.B)].

Parameter X-ray Lanl2dz 3-21G** 3-21 G**
(+ polarisation)

Sn - C(1)

Sn - C(2)

Sn - C(3)

Sn - c(4)

Sn..'O

c(1) -sn-c(2)
c(1)-Sn-C(3)
c(1)-Sn-c(a)
c(2)-Sn-C(3)
c(2)-Sn-C(a)
c(3) -Sn-C(4)
Sn-C(4) -C
c(4) -c-c(o)
C(1) -Sn "'o
sn-c(4) -c-c(o)
c(4) -c-c(o) -o

2.122(7)
2.1 18(7)

2.102(7 )

2.182(6)
3.023(4)
107.1 (3)

108.8(3)
't 07 .o(2)
10e.2(3)
1 12.e(2)

111.6(2)
110.e(4)
1 1 6.0 (6)

167 .7 (2',)

53.3(7)
4.4(9)

2.15

2.14

2.13

2.21

3.13

104.3

1 06.4

109.0

1 09.2

113.8

1 13.5

1 12.2

1 19.6

1 67.0

56.2

2.6

2.19

2.18

2.17

2.23

2.84

101 .7

105.3

107 .O

109.0

1 19.0

113.2

108.6

1 18.7

1 68.8

49.7

1.7

2.'t9
2.18

2.18

2.23

2.91

102.2

1 05.8

107.8

1 08.7

118.1

1 13.0

1 09.7

1 19.3

169.3

49.3

2.2
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Lanl2dz basis set, quite the opposite to what is seen above with previous systems'

Using the 3-21G** basis set, the Sn"'O distance decreases lo 2'84 A (bond order

0.07) and for the polarised 3-21G** basis set, the distance is 2'91 A lOonO order

O.O5). lf one observes the Lanl2dz result, it seems that steric hindrance plays an

importantpartinpreventingtheoxygenatomcominginanycloser'Thesecond

oxygen atom, is placed further away from the tin centre at a distance of 4'57 
^

(Lanl2dz).

As with earlier results, the 3-21G** basis Set prOduces on average the

longest lengths for the sn-c distances. Moreover, sn-c(1), the bond vectorially

opposite the sn.'.o(1) contact is only slightly longer than the sn-c(2) and sn-c(3)

bonds. This indicates the minor effect O(1) has on the bond caused by the inability of

O(1) to approach the tin centre due to steric hindrance'

Angles involving the c(4) atom all increased in size and the other c-sn'c

angles all shrank. There are significant steric difficulties in the molecule that

f urther prevent the o(1) atom approaching the tin centre' Deviations f rom the ideal

tetrahedral angle in 8 is minimal in comparison to previous molecular systems'

(ix) (8-(Dimethytamino)-1 -naphthyt)-triphenyl'tin (9)

TableglistsselectedgeometricparametersfromX-raycrystallography[8]

and geometry optimisations for 9, and Figure 9 shows the geometrically optimised

structure.

The crystallographic asymmetric unit consists of two independent molecules

(labelled here molecule a and b)'

The X-ray structure has a weak hypervalent interaction through a tertiary

amine nitrogen atom. The Sn"'N(1) distances are 2.884(3) Å (OonO order 0'08 for

molecule a) and 2.889(5) Ä (bond order O'07 for molecule b)' which ate

experimentally equivalent in length. Noteworthy is that in molecule a' the sn'c(3)

distance is significantly longer than the other sn-c distances' This is because sn-



c(3)

c(2)

c(1)
Sn c(4)

N(1)

Figure 9. Geometry-optimised structure of (8-(dimethylamino)-1-naphthyl)-
triphenyl-tin.



Table 9. Selected geometric parameters (Ä, deg.) for (8-(dimethylamino)-1-naphthyl)-triphenyl-tin derived from X-ray
crystallography (X-ray) [B] and ab initio molecular orbital calculations using HF [with the Lanl2dz basis set and the 3-21G.. basis

set without and with polarisation functions, N((o=O.8)1.

Parameter
X-ray

(Molecule a)

2.1 48(4)

2.1 4e(4)
2.1 83(4)
2.137 (4)

2.884 ( 3 )

1 1 4.4(2)
1 01 .1 (2)

124.O(z',)

103.4(2)
108.8(2)
101.8(2)
124.6(3)
't 02.5(2)
168.5(1)
11.8(6)
5.1 (6)

X-ray
(Molecule b)

2.17 8(s)
2.1 48(5)

2.146(5)
2.1 42(2)

2.88e(5)
101.e(2)
104.7 (2)

1 02.o(2)
116.7 (2)

120 .6(2)

108.3(2)
123.e(4)
1 02.1 (3)

1 6e.7(1 )

-14.1(8)
-7.e(e)

Lanl2dz

2.13

2.13

2.16

2.14

2.94

115 .7

1 02.3

1 19.4

101 .5

111.5

103.3

124.1

100.0

1 70.9

-15.8
-11 .7

3-21G**

2.18

2.17

2.21

2.17

2.69
't 1 4.4

99.5

125.0

100.0

111.5

100.7

119.8

103.6

170.8

15.4

1 0.6

3-21 G**
(+ polarisation)

Sn - C(1)

Sn - C(2)

Sn - C(3)

Sn - C(a)

Sn..'N

c(1)-Sn-C(2)
c(1) -Sn-c(3)
c(1) - Sn - C(4)

c(2)-Sn-C(3)
c(2)-sn-c(4)
c(3) -sn-c(4)
Sn-c(a) -C
Sn-N-c(N)
C(3) -Sn "'N
Sn-C(4) -c-c(N)
c(4) -c - c(N) - N

2.18

2.17

2.20

2.17

2.7 4

1 14.3

100.4

123.7

100.8

111.5

101.5

121.0

103.7

170.8

14.9

10.8
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C(3) is frans to N(1). ln molecule b, Sn-C(1) is significantly longer than Sn-C(3)

and Sn-C(4).

Both molecules a and b contain some distortions in their molecular structures'

such that the coordination geometries are somewhere between tetrahedral and trigonal

bipyramidal. For molecule a, angles c(1 )-sn-c(2) and c(1 )-sn-c(4) are

significantly larger than the standard tetrahedral angle, being 114'4(2)" and

124.0(2)", respectively. The other angles are significantly contracted compared to

the standard tetrahedral angle. For molecule b, angles c(2)-sn-c(4) and c(3)-sn-

C(4) are significantly wider than the standard tetrahedral angle being 116'7(2)' and

120.6(2)., respectively. As for molecule a, the other angles are significantly

tighter than 109.5'.

when optimised, the structures of the two crystallographic independent

molecules converged to the identical structure for all basis sets' The optimised

structure'S parameters resembles the parameters of molecule a' The Lanl2dz basis

set produces a sn'..N distance that is longer than that seen in the solid state: 2'94 
^

(bond order O.06), however the 3-21G** basis set and its polarised counterpart did

produce Sn...N distances that were significantly reduced from the solid state (2'69 Â

and bond order 0.1 4:3-21G'*,2.74 A and bond order 0.12: polarised 3-21G*.)'

oftheSn-Cbonds,Sn-C(3)wasthelongestbondinalloptimisationsbecause

it occupies a position diagonally opposite N(1), despite the increased distance between

the tin centre and the nitrogen atom after optimisation' The Sn-C(3) bond distance

optimised to a distan ce ol 2.16 Ä (Lanl2dz) between the two extreme Sn-C(3) bond

lengths for observed for molecules a and þ in the solid state' The converse has

happened for 3-21G** basis set.

The wide range of angles found in the solid state for both molecules is

maintained in the gaseous state, where c(1)-Sn-c(2), c(1)-Sn-C(4), and C(2)-

Sn-C(4) are significantly wider than the standard 109'5o, indicating the distortion



Table 10. Summary of hypervalent interactions in (1)to (9) and calculated Pauling bond orders (8.O.) [12] derived from
X-ray crystallography (X-ray) and ab initio molecular orbital calculations using HF [with the Lanl2dz basis set, the 3-21G**
basis set without and with polarisation functions [0((60.8), N((60.8), S((F0.55)], and HF-DFT (B3LYP) and DFT (BLYP)
levels of theory using the Lanl2dz basis set.

Y Sn'..Y
(X-ray)

3.012(3)
2.77 2(5)
2.7 42(3\
2.76 B (3 )
2.781(3)
2.e77 (3)
2.841(7\
3.02 3 (4 )
2. B84( 3)
2.88 e (5 )

Sn"'Y
(Lanl2dz)

Sn...Y
(3-21G..)

Sn"'Y
(3-21 G..
+ polarisation)

B.O.
(X-ray)

0.04
0.08
0.09
0.08
0.08
0.04
0.09
0.04
0.08,
0.07

B.O.
(Lanl2dz)

B.O.
(3-21G..)

B.O.
(3-21G*.
+ polarisation)

o
o
o
o
o
o
N
o
N

1

2
3
4
5
6
7
I
9a

2.75
2.70
2.63
2.65
2.68
2.85
2.73
3.1 3
2.94

2.52
2.49
2.50
2.47
2.47
2.53
2.52
2.84
2.69

2.62
2.58
2.60
2.47
2.50
2.76
2.60
2.91
2.7 4

0.09
0.1 0
0.1 3
o.12
0.1 1

0.06
0.1 1

0.03
0.06

0.1 I
o.20
0.20
0.22
o.22
0.18
o.25
0.07
0.14

0.1 3
0.15
0.14
o.22
o.20
0.09
0.1 I
0.05
o.12

a two molecules in the crystallographic asymmetric unit.
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in the coordination geometry. Angles involving C(3) are smaller and are equivalent

in both states (to molecule a's parameters).

The optimised structure shows that the Sn-C(a)-C-C(N) and C(4)-C-C(N)-

N angles do not become planar despite being in the gaseous phase with Lanl2dz

producing negative torsion angles of -15.8' and -11.7", respectively, 3-21G*"

producing positive torsion angles, 15.4' and 10,6o, respectively; and for the

polarised 3-21G*'basis set, 14.9" and 10.8o, respectively. This should not come as

a surprise as the 8-(dimethylamino)-1-naphthyl ligand is bulky.

(x) General Considerations

Table 10 lists the hypervalent interactions for the nine systems and the

Pauling bond orders [12] of these hypervalent interactions. As previously discussed,

most of these hypervalent interactions endure and some even strengthen in the

gaseous phase, despite the inclination for lengths of Sn-donor distances to increase.

As noted before, in general, the 3-21G** basis set produced the shortest tin-ligand

distances, and hence they give rise to the largest bond orders.

The hypervalent interactions have been proven to be real, as they persist

despite a change in state, and therefore are not caused by crystal packing

considerations. They are also not a product of shortcomings of ab initio molecular

orbital calculations and basis sets, as they persist for a range of basis sets.

6.4 Conclusion

As a general conclusion it may be stated that weak hypervalent interactions

derived from intramolecular Sn...X (X = O, N) associations are real. Geometry-

optimised calculations confirm the persistence from the solid state to the gaseous

state - in particular the HF level of theory calculated employing a variety of basis

sets. On the basis of the foregoing cliscussion it is possible to suggest that crystal
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packing effects in essence may "prevent" the Sn"'X interactions reaching their

maximum potential.



6.5 Appendix

Appendix Table 1. Calculated energy differences (kJ mol-1) for (1 )
employing Hartree-Fock theory and using the Lanl2dz, and 3-21G** basis sets lwith
and without polarisation, O((60.8), N((60.8), S((F0.55)1.

^Lanl2dz ^3-21 G**
A

3-21G** + polarisation

1

2
3
4
5
6
7
I
9

785.7
1644.6
1000.3
1 175.8
287.9
893.4

1003.8
1514.8
2393.4
3116.9

7 68.2
1566.2

976.7
1143.9
287.9
87 4.1
1 46.7

1461 .4
2376.1,
3095.0

758
1 558

973
1 143

283
1119

152
1 454
237 4
3204

I
1

4
9
I
'J
6
9
0,
2

a two molecules in the crystallographic asymmetric unit.
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Appendix Table 2. Calculated energies (Hartrees) for (1) to (9) both_in the solid

liJray crystallography, X-ray) and gaseous phase. (Optimised Geometries)
òmptóying'Hartreé-Fock theory-and using Lanl2dz,-and _the 3-21G"* basis sets [with
anO w¡tnóut polarisation, O((60.8), N((60'8), S((¡0.55)l'

X-ray
(Lanl2dz)

X-ray
(3-21G.-)

X-ray
(3-21 G** + polarisation)

1

2
3
4
5
6
7
8
o

-1001.4959
- 1 079 .2081
-1117.3140
-1234.3222
-579.7168

-1295 .8122
-1218 .6187
- 1 809 .2981
- 1 208 .2023,
-1207.9243

-6989.9256
-7067.2904
-7105.1681
-7 221 .5 9 48
-6570.32 83
-7668.57s3
-7592.O773
-7793.6452
-71 95.541 0,
-7195.2648

-6 989.9523
-7067.3120
-71 05.1 881
-7 221.5948
-6570.4064
-7668 .57 46
-7 592.1282
-77 93 .7131
-71 95 .5835,
-71 95 .2645

Optimised Geometry
(Lanl2dz)

Optimised GeometrY
(3-21 G'.)

Optimised Geometry
(3-21G** + polarisation)

1

2
3
4
5
6
7
8
9 a

-1001 .7978
-1079.8399
-1117.6983
-1234.77 39
-579.8274

-1296.1554
-1219.O044
-1809.8801
-1209.1218

-6990 .2247
-7067.8921
-7105.5433
-7222.0343
-6570.4389
-7668.9111
-7 592.1337
-77 94.2067
-7196.4539

-6990.2438
-7067.9106
-71 05.5621
-7 222.0343
-6570.51 40
-766 9.0046
-7592.1868
-7794.2721
-7196.4956

a two molecules in the crystallographic asymmetric unit
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7.1 Summary and Conclusion

Previous to this study there was a lack of information on the structural

chemistry of organotin compounds in the solution and gaseous states. Broadly, it has

been acknowledged that while there may be differences between their structures in

the gaseous phase and in the solid state, the knowledge of the effects of solid state

forces, that is crystal packing effects, on the molecular geometries of organotin

compounds is relatively sparse.

Chapter 2 described the determination of which level of theory of ab initio

molecular orbital calculations was the most appropriate for organotin systems' After

test¡ng the three levels of theory of Hartree-Fock (HF), Density Functional Theory

(BLyp), and hybrid Hartree-Fock-Density Functional Theory (83LYP), the most

suitable level of theory was determined to be Hartree-Fock. The HF level of theory

provided results that resembled the electron diffraction studies for most bond

distances and yielded a relatively small energy difference between the solid and

gaseous states; however, an analysis of energy considerations was not the focus of this

thesis. The two other levels of theory tended to exaggerate the lengths of the bond

distances and the energy difference between the states.

Chapter 3 involved the study of three monoorganotin trichloride compounds

using ab initio molecular orbital calculations. This involved the study of possible

intramolecular hypervalent interactions involving the tin centre and electronegative

atoms such as oxygen and chlorine. The distance between the tin and oxygen atom

decreased in the gaseous phase for (2-methoxy-5-methylphenyl)tin trichloride.

For (2,6-dimethoxyphenyl)tin trichloride, the distance between the tin centre and

O(1) increased in length in the gaseous phase, but the distance between the tin centre

and O(2) decreased. y-Chloropropyltin trichloride on the other hand involved a

possible Sn...Cl intramolecular hypervalent interaction in the solid state. However,

the distance between the tin centre and Cl(4), the proposed interacting chloride
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anion, increased in the gaseous phase. Therefore the hypervalent interaction is

considered insignificant.

Chapter 4 was concerned with the study of diorganotin dichloride compounds.

There has been considerable controversy in the literature as to whether bridging

exists in the solid state for these compounds. Optimising the structures, lead in

general, to symmetrisation pointing to a significant influence of solid state effects on

the molecular geometry.

Chapter 5 examined triorganotin chloride structures. The questions regarding

diorganontin dichloride compounds also pertains to this series of compounds, that is,

whether the distortions in molecular geometry are caused by crystal packing effects

and, more specifically, due to bridging hypervalent interactions. Optimising the

structures lead to an overall symmetrisation of the structures'

Chapter 6 involved the study of tetraorganotin compounds, of the form R3R'Sn.

As for the monoorganotin trichloride compounds studied in Chapter 3, these

compounds can possibly undergo intramolecular hypervalent interactions between the

tin centre and the electronegative elements resident on the R' substituent' Optimising

these compounds showed that in the gaseous phase the distance between the tin centre

and the electronegative atoms generally decreased or at least was of the same order of

magnitude as found in the solid state.

Several important conclusions arise from this study. For each of the four

systems investigated, i.e. RSnCls, R2SnC12, R3SnCl, and R3R'Sn, the molecular

geometries were invariably more symmetrical in the gas phase theoretical

structures. Thus, non-systematic variations in bond dÍstances and angles observed in

the solid state did not persist in the gas phase structures. The key conclusion clearly

points to the influence of the crystalline environment on molecular geometry. For

many of the systems studied, the distortion in the tin atom geometries could be related

to intermolecular Sn...Cl interactions, pivotal in forming stable crystal lattices'

Thus, intermolecular Sn...Cl interactions were found to be responsible for at least
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some of the deviations in molecular geometry. The second focus of this thesis

concerned the influence of intramolecular hypervalent interactions.

The theoretical study of RSnCl3 and R3R'Sn demonstrated that intramolecular

Sn"'X interactions observed in the solid state persisted in these gas phase optimised

structures. Thus, it may be concluded that not only do these hypervalent Sn"'X

interactions induce distortion in the solid state structures, they are very real

interactions existing in the absence of crystal packing etfects, and must be considered

as hypervalent.




