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ABSTRACT

ELECTRON SPIN RESONANCE STUDIES
OF THE STRUCTURE OF TRIARYLTIN
RADICALS
by
Sobhy Abdel Hamid El-Hefnawi

Advisor: Professor Fitzgerald B. Bramwell

Electron spin resonance (ESR) spectra of isoto-
pically enriched (1198n) triphenyltin, triparatolyltin
and triorthotolyltin radicals in rigid glams solution are
reported at 4 K and 93 K. Radicals vere generated by vi-
sible light photo-oxidation of triaryltin anions. Anions
wvere egynthesized by alkali metal reduction of tetraryltin

in 2-methyltetrahydrofuran.

The isotropic and anisotropic hyperfine split-
ting have been determined using the Breit-Rabl equation.
From this datas we have used a semi-empirical approach to
eagtimate +the "S" and "P" character of the orbital con-
taining the unpaired electron, the extent of hybridiza-
tion, the ligand-tin-ligand bond angle, # and +the
ligand-symmetry axis complementary angle, 6, (out-of-
plane bond angle).



From an analyses of the spectra the, followving
conclusions were drawn: triphenyltin and triparatolyltin
radicala appear to be relatively stable, pyramidal sastruc-
turese with 1ligand-tin-ligand bond angles of 114.6°, and
114.8°, respectively. Ligand-symmetry axis complementary

angles are 13.6°, 13.4°, respectively.

Triorthotolyltin radical appears to have a dee-
per pyramidal structure with a ligand-tin-ligand bond
angle of 114.4° and a ligand-aymmetry axis complementary
angle of 13.9°, These results are discussed in terms of
limited tin-carbon multiple bonding and in terms of

steric effects.
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I. INTRODUCTION

v

The structure of +triaryltin radicales is of consi-
derable interest because of the possibility of tin-ligand
multiple bonding through the interaction of 1lov lying tin
d-orbitals with ligand pi-orbitals. Although extensive
electron spin resonance (ESR) studies of alkyl tin radi-
cals have been made, there have been relatively few obaer-
vations of aryltin radicels. The results of aryltin radi-
cal experiments have not 1led +to a congsistent picture of
the structure, extent, and type of bonding present in such

compounds.

Gordy and co-workers (1) have shown that a de-
creage 1in g value is expected with increasing "S" charac-
ter of the free electron orbital in radicals with atoms
exhibiting appreciable spin-orbit coupling. While trial-
kyl +tin radicals R3Sn (R = Me, n-Pr, n-Bu), appear to
have a relatively pyramidal structure (2, 3), the decrease
in the g values in the series R3Sn, RpPhSn, RPh3Sh,
PhgSn (R = Me, Et) indicates increasing pyramidal
character. A change in the geometry of the radicals is

agsumed to be the reason for the decreaaming g values.



The conclusion of these studies was that the greater the
number of phenyl substituents, the more pyramidal the

radical.

The observation of the ESR spectra for triphenyl-
tin radicals generated from single crystals (4), rigid
glass solution and in liquid solution (2,5-8) has been of
considerable interest in the last several years. Single
crystal spectra have revealed a great deal about radical
structure in those ﬁaterials restricted to a crystal ma-
trix. The spectra of randomly oriented samples, such as
those formed in rigid glass and liquid solution, have been
of low quality. In these systems it has proven difficult
to resolve anisotropic spectral features. Therefore,
little 1is wunderstood about the satructure of randomly

oriented radicals.

Determination of the structure of aryltin radi-
cals also suggests a method to investigate the existence
of tin-carbon multiple bonds. IR, NMR and UV studies of
multibond character in tetraryltin and triphenyltin anion
have been reported by several investigators (9, 10, 11).
These results suggested the need for detailed ESR investi-

gations of aryltin radicals.



Numerous experiments have been reported in the
literature for the preparation of aryltin radicals: (a)
in situ using UV irradiation of di-t-butyl peroxide with
the corresponding hydride disaolved in n-pentane or
n-hexane (7); (b) UV photo-chemical bond cleavage of +tri-
phenyl-1-cyclopentadienyl tin, (12); (c) x-irradiated
single crystal of tetraphenyltin (4); (d) gamma-ray
bombardment of glassy beads of finely ground povders at

77 K (3).

In general the methods used to generate triaryl-
tin radicals have involved high energy irradiation (3, 4,
7, 13). However, a key problem in such procedures is
simultaneous production of undetermined radical species.
These materials complicate the identificaticon of the tri-
aryitin radical and have led to errors in the literature,

(35, 13).

Organotin radical structure information generated
from ESR data depends on the presence of either of two tin
isotopes, 119g,, and 117gn. These stable isotopes are
necessary to provide critical isotropic and anisotropic
hyperfine splitting. Because of their low natural abun-

dance, (8.74 and 7.6%, respectively), it is difficult



to obtain reliable data from isotopically unenriched ran-
domly oriented samples. Line broadening effects caused by
random orientation, matrix effects, and unresolved hyper-
fine Bsplitting make observation of hyperfine interactions

nearly impossible.

In this study, triaryltin radicals vere generated
from isotopically enriched (119gsn 84%) tetraphenyltin,
tetrakisparatolyltin, and tetrakisorthotolyltin. The
iagotropic and anisotropic hyperfine aplittings wvere
determined from ESR spectra. A semi-empirical approach
vas used to estimate the percent "S" and "P" character of
the orbital containing the unpaired electron, the extent
of hybridization, the out-of-plane angle, €6, and

ligand-tin-ligand inter-bond angle, .



II. GENERAL

THEORETICAL CONSIDERATIONS

U
The general Hamiltonian, H uged in analysis of

ESR spectra is given by:

P Fal -
H=H, - H,Z£ + H (1)

A
The firat term in equation (1) H refers +to

z'
A

the electronic Zeeman effect, the second, H to the

"'
A
nuclear Zeeman effect, and the last terwm, HH’ deascribes

the hyperfine coupling.

This Hamiltonian may be written as (14):

Ny L) L) o v e [

ﬁ= B So go H - ﬁ“I. g“oH + I. A. S (2)

>

A

S and 1 are, respectively, the electronic and nuclear spin
vectors, g and gy are the Lande g-factors for the electron
and nucleus, B8 and BN are the electronic Bohr wmagneton

and nuclear magneton, and ﬁ is the applied magnetic field.



A

II. A Hp - ELECTRONIC Z2EEMAN EFFECT

Anisotropy in g arises from coupling of the spin
angular momentum with the orbital angular mowmentum.
The Hamiltonian is given by:

H=8 (8 g. H) (3)
vhere 8 ie the Bohr magneton. Equation 3 can be written

in matrix form as (15):

Q

Q
n

A XX Xy Xy R

H A [S S sS_] H (4)
) x "y “z Syx  Yyy Yy2 y
gzx gzy gzz Hz

Since Sy, Sy, and Sz as vwell as Hx, Hy,

and H, are defined in terms of the molecular coordinate

X, ¥,z ayatem, they can be
cosines.

the g-tensor

If wve define axes X,

replaced by the same direction

Y, and Z that diagonalize

and pick as an example the case in which they

are coincident with the molecular axes, the effective
value of g for an arbitrary orientation of the system is
then given by:

2 2 2 2 2 2
9afs = Iy cos eHx + gyy cos eHy + gzz cos eHz.

2 _ 2 2 2 2 2 2
etr = Ixx lx * gyy lY 9, 12 . (5)



Y

e and 0 » are the angles betwveen the applied

Here 0 Hy' Hz

Hx'
field H and the X, Y and Z axes, respectively. The aymbola

lx ’ ly » and lz are used to represent the cosines of’

these angles and are referred to as the direction cosines,

(1%+ 12, 12 = ),
x "y "=z

Equation (S) can be indicated in matrix notation as:

il ) ) 1,
2 2
Oggg = 0 1, 1,1, 1 ) 95y ") 1, (6)
2
o e Szz 1z

The molecular coordinate ayatem that diagonalizes the
g-tengor wmay not be coincident with the arbitrary axes
assoclated with the molecule. Equation (6) has to be

revritten in nondiagonal form as:

Txex gxy Iz lx
2 2 2 2
Gggg = [ 1, 1,1, ] 9yx 9y Oz 1 (7)
2 2 2
92x gzy 922 1,



Consider the first case vhere the system is wmounted with
the y-axis perpendicular to the field so _thnt the syastem
can be rotated around y with H making different angles, 6,
to z in the xz plane. Now lz= cos 6, and lxs sin 6, where
€ 18 +the angle between H and the z-axis. Substituting
these quantities into equation (7)) and carrying out the

matrix multiplication yields:

2 2 2 2 2 2
- I gxxsin e + 2 gxz-in 0 com 6 + g, cos e (8)

For rotationa in the yz plane, we have 1x = 0, ly = @in O
and 1z = cos 8. Subatitution into equation 7 and matrix

multiplication then yield:

2 _ 2 2 2 _ 2 2
9aff - gyysin 6 + 2 gyzain 6 cos @ + gzzcoc e (9)

In a similar fashion, rotation in the xy plane yields:

2 - 2 2 2 2 2
9.¢f = gxxsin 8 + 2 gxysin 6 com & + gyyco- e (1@)

For apecies of threefold or higher symmetry vhere the

molecular coordinate asystem diagonalizes the g-tensor,

R=Y. Therefore, the general Hamiltonian may be rewritten
as (16):
H= 8 gHS +«Bg (HS +«HS)+«AST
= * * +
g" zZ Zz QL X X% Yy | z7=
+ {L( SxIx* Sny) g“B“H I



The g-value for any orientation is given by:
g2 = gf sinZe + guzcoa 29
vhere @ is the angle that the g axis makes with the

applied field. and g, are the g-factor values for a

9 i
magnetic field oriented perpendicular and parallel to the

symmetry axis.

Since many more molecules have g aligned than g

L

the most intense absorption will correapond to

l

as shown
9
in figure 1, (15). The absorption spectrum (wvhich in-
cludes the effects of the probabilities of the various
orientationa and the transition probability corresponding

to each of these), is shown in figure 2, (14).

In the case vhere a molecule is rapidly tumbling,
it is possible to observe an imsotropic value of g. Radi-
cals in liquid solutions are good examples of thias. The
isotropic g-factor, gjgas can be determined from g and

L

g aas follows:
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in a randomly

I
oriented gample wvwith a threefold or higher

Figure 1 - The distribution of QL and g

symmetry axis.
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Figure 2 - Absorption line shape for axial symmetry with

g-factor anisotropy.

A. Integral B. Differential

I = intensgity

Hg = applied wmagnetic field
Hl = magnetic field at.qL
H" = magnetic field at g“
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A

II .B Hpy - HYPERFINE COUPLING

The interaction of an unpaired electron and a
magnetic nucleus is called the nuclear hyperfine interac-
tion. The hyperfine interaction may be either anisotropic
(orientation-dependent) or isotropic (independent of +the

orientation of H with respect to a molecular axis).

ESR spectra of triaryltin radicala in an inert
matrix show that +the hyperfine coupling interaction
containa both isotropic hyperfine (a) and anisotropic

hyperfine aplitting () components (14).

1 - Anisotropic Hyperfine Coupling

In rigid systems, the electron and nuclear dipole
coupling give rise to anisotropy in the electron nuclear
hyperfine components. The clasaical expression for the
dipolar coupling of a fixed electron and nucleus separated

by a distance r is (15):

(11)




-15-

A
Here r represents the vector joining an electron
Y A
and a nucleuas. Ug and Uy are, respectively, the elec-

tron and nuclear magnetic moments. For a quantum mechan-
ical aystem, the magnetic moments must replaced by their

correaponding operator. The Hamiltonian is: ;

A A A~ A~
A L S.I _ 3(S.r) (I.r)
Hdipolar = -9 8 gyfy [ 3 5 (12)
r r
A A A A A A A A
Substituting S = Sx . Sy * Sz » I = Ix + Iy + Iz. §nd
A A A A
r = x1 + yj + zk leads to:
2 2
A _ r’- 3 x a8 r-3vy &
Hdipolar = -9 B gy [ [ o2 ] xx * [ r> ] ®
r<- 3 22 A A 3xY A A A A
[ 5 ] s, I, - [ 3 ] ‘Sny’ Sylx) -
r r
A A A A A
[:3;2](51+§f)_ 3Yz](§1+51) (13)
r Xz A ra y z z'y

When this Hamiltonian is applied to an electron in an
orbital, the gquantities in brackets must be replaced by

average values over the electronic wvave function.
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A

Hyipolar =
[ 2 [
r=3x -3xy -3xz 2
< => < 5> < => Ix
r r r
A A A -3xy rgay2 ~3yz A 14)
- (g B gyBy) SxSySz] <——g> < => < =—> IY (
r o r
-3xz -3yz r-322 b
5> <—s57> <3 I
r T r
This equation ie abbreviated as:
' A A N~ A
H = h S.T.1 (13)

dipolar

vhere T is the dipolar interaction tensor, and h is

Planck’s conastant. It assumes the same general form as
the g-tensor in equation 7. For example, <r2-3x2/r5>=1‘xx

and <-3xy /r3> = Txy-

The dipolar interaction tenasor can be diagona-
lized to yield a measure of the anisotropic hyperfine in-
teraction. For example, conasider the electron to be in a
P, orbital. By converting to spherical polar coordi-
nates and by substituting z=r cos®, x=r 8ind cos % and y=r
8inBasing, the result for an electron at a specific (r, 0)

is:
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2 3
Tzz = g B gNBN< (3 cos™ @ -1)/ r™> (16)
1 2 3
TYY = 5 g 7] gNﬂN< (3 cog™@ -1)/ r™ > (17)
I 2, _ 3 ,
Txx = 5 g B“gHB < (3 com @ -1)/ r > (18)

Novw consider that the electron can be located at any place
in the p-orbital. Thus, wvwe have to integrate over all
possible angles for the radius vector to the electron in

this orbital and then over all radii r. The result is

= 4 1 =
Tzz = 59 8 g“B“< ;§ > = 2Bo (19)
T = -248g,f,< — > = -B (20)
XX S N'N r3 o
2 1
Tyy 5 9 B gyfy< 3 > = -B_ (21)

vhere < —%— > is the average value of the quantity —%.
r r
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2 - Isotropic Hyperfine Coupling

The iasotropic hyperfine coupling is given by:

A

A
H=a.S.I (22)

The a.é.i term describes the coupling of the electron and

nuclear spin mowments, which classically corresponds to the
dot product of these two vectora. The quantity a indi-
cates the magnitude of the interaction and has the
dimensione of energy. Thies is referred to as the Fermi
contact contribution to the coupling, and its wmagnitude
depends upon the awmount of electron density at the

nucleus IUf(O)Iz according to

2

Ao= — g B gyBy | W | (23)
lUf( o 42 isa only non-zero if the unpaired electron is in an
vS-orbital (14). Spectral analysis requires the comparison
of the calculated value Ay, with the experimentally deter-

mined a = ajgq.
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3 - The Breit-Rabi Equation

All atoms with one electron, I = %, give an ano-
malous Zeeman effect in a weak magnetic field. This is
due to the effect of the spin magnetic moment of the elec-
trone on the splitting of the levels in the ground state
and in the excited state. A weak magnetic fieldﬂia one in
vhich the interaction between the magnetic moment of the
atom and the applied field is of the same wmagnitude as the

hyperfine coupling, A.

When the hyperfine componentas are very small
compared to the applied field the transition occura at:
hv = = %A + gB8H. The s8pectrum 18 therefore, a doublet
symmetrically disposed about the resonance position for a
radical with 2ero nuclear apin (Hg). For a hyperfine
interaction of the same order of magnitude as the applied
field, the quantization axie is no longer fully determined
by the applied field. The variation of the energy levels
is, therefore, non-linear in the applied field. The
doublet is then unsymmetrically disposed about Hp. The

Hamiltonian now becomea:

A ~ A A A A ~
H=8S8. g. H- gHBNH' I +hS. A. I (24)
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vhere the first term is the electronic Zeeman term, the
second is the nuclear Zeeman term, and the third_is the
hyperfine interaction term. The quantity A in the third
term includes both the isotropic and animotropic compo-
‘nents of the hyperfine interaction:
A=T=+a (25)

A 1is not to be confused with A, the calculated value
for the isotropic hyperfine aplitting. The magnitude of
the hyperfine interaction (for the case where it is com-
parable to the applied magnetic field) where I = %, and
vhere the system has axial symmetry, can be expressed by
the Breit-Rabi equation (17, 18). Indicated belovw is a

auitable solution (19, 20):

V=@ * 2T + 1)

_Aw gBHH Aw 1l + 4HFX + xX
2021 + 1) Nt F o —5 [ S ]‘26)

vhere AW = (2I+1)A/2, x=(g-g,)BH/\W, F=IxS and HF= zF.

W 18 the energy separation of hyperfine levels, and
Mg = levels of 2z component of combined electron and
nuclear wmoment. A gimple solution is for the case where
I = % and direct nuclear interactionsa can be neglected.

The equation then becomes (17, 20)



-23-

- _ 2Ho(Hg - Hy)
AH g A He (27)
2H-(Hy; - HL) '
= o Tl (=)
A SR, (28)

A is the hyperfine splitting, and Hy, Hi, and
H; are the field positions of central line, lowv-field
satellite, and high-field =atellite. The overall result
is that when the hyperfine splitting is not very small
compared to the applied field, the +true hyperfine aplit-
ting is lesa than the diatance measured between absorption
linee and the g-value 1s less than that measured at the

center signal of the apectrum.

A computer program shown in Appendix A, which
uses the position of the satellite line and the observed
field position of the central line was written to cal-
culate coupling constants, S-character, P-character,
hybridization, ligand-tin-ligand bond angles and out-of-

plane bond angles for aryltin radicals of C;3, symmetry.
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A

II. C Hy - NUCLEAR ZEEMAN INTERACTION

The nuclear Zeeman Hamiltonian represents the
interaction of the proton spin with the external magnetic
field (15). The nuclear interaction with the field will

be isotropic and represented as a scalar.

The net effect of the nuclear Zeeman interaction
is to simultaneously raise the positions of the electronic
energy levels leaving the difference in the energy levels
unchanged. The observed spectra will then be essentially

unaffected by thies contribution (21).
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II. D SPECTRAL ANALYSIS

The principal aim of the analyasie of ESR apectra
is to obtain the experimental parameters which would make
it pomeible, aftexr comparison with atomic conatants, to

eatimate the *"S" character, C: , and "P" character, C§ of

the atomic orbital containing the unpaired electron (14).

Hartree~-Fock calculations have made available the theore-

tical values of IUf(O) Izand < —%— > for each element of
r
the Periodic Table (22, 23-29). Thua, it is possible

using equation 23, and 19-21, respectively, to calculate
the isotropic coupling constant, A5, and the anisotropic

coupling constants, 280 y - Bo r - Bo , assoclated, reaspec-

tively, with the na and np orbitals of each atom.

a
c?2 . _13is° (29)
8 Ao

vhere ajgo, and A, are, respectively, experimental and
calculated hyperfine splitting values.
T

c 2 i‘g‘“ (30)
P (=]

Where T and 2B° are, respectively, experimental and cal-

culated anisotropic hyperfine splitting values.
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When the values of C’2 » and sz are determined,

one can calculate the hybridization ratio,;lz, and use it

to estimate structural parameters:

2
A? - cp (31)
—3
c
a8
§ = Coa’ _._.%.:éé__..l_ (32)
2 A+ 3 2
Cos® @ = =~ [ 1+ 2 Cos & ] (33)
3

vhere € 18 the interbond anglie (ligand-metal-ligand) and

0 is the complement of the ligand-tin-symmetry axis angle.

Correct valueas can only be obtained by applica-

tion of the Breit-Rabi equation (17-20)

Z2H,(Ho - Hy)

A Pk = Mool ~ BELL) .+ (34)
2H,(Hy; - HS)
= (= Il § o

gl 2 H. - H) (35)

A is the hyperfine splitting, and H, Hg, and
H) are the field positions of central 1line, lowv-field

satellite, and high-field satellite.
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When the values of A” and A are deterwined, the

1
isotropic and anisotropic hyperfine splitting can be

calculated using the following equations:

8igo™ 1/3 (A + 2A)) (36)

Tl = 1/3 (A“- Al) (37)

From the analyses of ESR spectra of triaryltin radicals,
the =aatellites corresponding to A” will be furthest
upfield and furthest downiield, +that is fall on the
outside of the spectra. Those corresponding to A, , will

i

be between the A 6 spectral features, that is on the inside

of the spectra as shown in figure 3 (1).
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Figure 3 - Powder ESR spectrum for a hypothetical
radical with S = %, I = % axial symmetry,

> and A > A .
o9 Tt
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III. Experimental

A - Synthesis

PREPARATION OF METALLIC TIN

Tin has been prepared according to the method of

Biltz (26) by the reduction of stannic oxide.

Sn02 + 2KCN ---> Sn + 2KCNO
Starting Materials: Stannic oxide, potassium

cyanide and sodium hydroxide were used as supplied from

Fisher.
Apparatus: Porcelain crucible and Meker burner.

Procedure: Heat a mixture of 1.0 gram of finely
povdered stannic oxide and 1.3 grams of potassium cyanide
in a porcelain crucible for twenty minutes over a Meker
burner. After céoling, vash the regulus of metellic tin
with a dilute s8sclution o©of s8sodium hydroxide, then with

vater to give 0.712g (90%) yield (1lit.76-95%).

-28~
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PREPARATION OF STANNIC IODIDE

Stannic iodide has been prepared by the reaction
of ijodine and tin in carbontetrachloride as a aolvent

(27).

Sn + 2I5 ---> Snl,

An excess of tin prevents contamination of the

product with iodine.

Starting materials: Tin was prepared a8 pre-
viously described. Iodine and carbontetrachloride were

uged ag supplied from Fieher.

Apparatug: Buchner funnel, 250-mL round-bottom
flask provided with a reflux condenger fitted with a

caleium chloride tube, heating mantle.

Procedure: 1.2 grama of tin (0.0101 mole) and
4.9 grams of iodine (.@157 mole) were placed in a 10@-mL
round-bottom flask. Twenty five milliliters of carbon-
tetrachloride were added and a reflux condenser was

attached. The flask was heated until the reaction began.



-30-

When the solution etopped boiling, it wvas heated until all
iodine had sublimed as was evidenced by a change in color
of +the 1liquid from violet to orange-yellow, and by the
absence of colored vapors in the flask and reflux

condenser.

The hot 8sclution was filtered quickly using
Buchner filtration. The filtrate was cooled to give 5.6g
(90%) yield of a red crystalline stannic iodide which

melted at 142-143.5°C (lit. 143.35°C).
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PREPARATION OF TETRAPHENYLTIN

Three procedures have been used to prepare

tetraphenyltin compounds (28-30).

Mg ¢+ CgHsBr ~---> CgHgligBr
4CgHgMgBr + SnIgq ---> (CgHg)4Sn + 4MgBrI
or
2Na + CgHgBr ---> CgHgNa + NaBr

4CgHsNa + SnIgq ---> (CgHg)4Sn + 4Nal

These preparations involved +the action of an
organometallic compound (Grignard) on stannice dodide and
the reacgion of arylhalides and stannic iodide with sodium
in refluxing ether or benzene. The former method is
superior. In general the yield of organotin compound i=s
between 40% and 70%. An exceass of the Grignard reagent
wvas usually required for a higher yield. Even 8o, the

product may have contained some of the triaryltin iodide.

A yield above 90% of tetraphenyltin was obtained

by using organozinc reagents (30).

ZnClo
4CgHgMgBr + Snlgq ---> (CgHs)4Sn + 4MgBrl
THF
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Starting Materials: Magnesium and bromobenzene
wvere used as supplied from Aldrich. Stannic iodide was
prepared as previously described. Benzene and tetrahy-
drofuran were distilled from calcium hydride and stored
over s8odium wire. Nitrogen gas was dried by passasing

through concentrated sulfuric acid.

Apparatus: 250-mL 3-necked boiling flask,
provided with a reflux condenser fitted with a calcium
chloride tube, a dropping funnel and tube through which

gaseoug nitrogen could be introduced.

Procedure: The flask was dried thoroughly with a
flameleas heat gun while flushing with dry nitrogen. A
solution of 15.7 grams (0.1 mole) of bromobenzene in 20.0
milliliters of dry tetrahydrofuran was added dropwise to a
solution of 2.5 grams (9.103 mole) of magnesium in 15.0
milliliterse of dry tetrahydrofuran. The flask wae heated
gently until the reaction began, after which heating was
no longer necessary. After the addition, the reaction
mixture was refluxed for one hour. A solution of 6.26
grame (0.01 mole) of stannic iodide in 50.0 milliliters of
dry benzene vwas added dropvwise to the reaction mixture.
After the addition, the reaction mixture was refluxed for
two hours and then carefully hydrolyzed with 10%¥ hydro-

chloric acid. The organic layer was geparated, washed
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wvith water, and dried over anhydrous sodium sulfate. The
organic layer wvas concentrated and cooled to yield 65% of
rav product. After a recrystallization £rom_benzene, 55%
of pure product (vhite needles of tetraphenyltin) was

obtained melting at 226-227°C (lit. 226-228°C and 229°C).

lH-NMR and IR are consistent with known literature
valueg (31). Schwvarzkopf analysis for tetraphenyltin,
found 66.99% C and 4.81% H. The theoretical values are

67% C and 5% H.

Z2inc Catalyst Modification

A ylield above 90% of tetraphenyltin wvas obtained
by using organozinc reagents. After phenylmagnesium
bromide vas prepared, a suspension of dry zinc chloride in
dry tetrahydrofuran vas added through the dropping
funnel. Reaction took place immediately. Then, astannic
iodide 1n dry benzene was added dropwise. After addition,
the reaction was refluxed for two hours and then hydro-
lyzed with 10% hydrochloric acid. The organic layer was
separated, wvagshed with wvater and dried over sodium
sulfate. The organic layer was concentrated and cooled to
yield 904 of tetfaphenyltin, melting at 226-228°C
(lit. 224-225°C). 1 H-NMR and IR are consistent with

literature values (31, 9).
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PREPARATION OF TRIPHENYLTIN CHLORIDE

Two procedures have been used to prepare
triphenyltin chloride according to the methods of

Kozeachkow (32) and Chambers (30).

3(CgH5145n + SnCly ---> 4(CgHs)3SnCl
or
(CgH5245n + I3 ---> (CgHg)aSnI + CgHsl

(CgHg)3SnI + NaOH ---> (CgHg)3SnOH + Nal

(CgHg)35n0H + HCl1l ---> (CgHg)3SnCl + Ho0

These preparatione involved heating tetra-
phenyltin with stannic chloride in an o0il bath at
220-240°C for 3 hours, or employing the method of

Chambers. The latter method is superior.

Starting Materials: Iodine and chloroform vere
uged as supplied from Fisher. Tetraphenyltin was prepared

as previously described.

Apparatus: 250-mL round-bottom flask, provided
with a reflux condenser fitted with a calcium chloride

tube and a heating mantle.
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Procedure: In small lota, 0.9 grame (3.54 x
103 mole) of iodine were added to 1.5 grams (3.5 x
103 mole) of tetraphenyltin in 25.0 millilitera of
chloroform. After each addition of iodine the solution
immediately became decolorized. Iodine wase added until a
permanent brown color was obtained which was not dis-
charged after boiling for one hour. The asolvent was
removed on +the wvater-bath and iodobenzene was removed by
distilling under reduced pressure. The residue was
dissolved 1in ether and filtered to remove unreacted
tetraphenyltin. The ether solution was shaken with 30%
sodium hydroxide soclution, and the layers were separated.
The ether layer was shaken with concentrated hydrochloric
acid, the layers were sgeparated and the ether was dried
over sodium sulfate. On concentration of the ether
golution, ©.7 grams (52%) of triphenyltin chloride were
obtained which after recrystalization from ether melted at
125-106°C, (lit. 1@6°C). l1H-NMR and IR are consistent

wvith known literature valuea (31, 9).
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PREPARATION OF TRIPHENYL-1-CYCLOPENTADIENYLTIN (TPC)

Several routes are poasible for the preparation
of triphenyl-l-cyclopentadienyltin, (TPC). Among them is
the use of alkali metals to form the corresponding =salts
vhich then could react further with triphenyltin chloride
(29),.

Na + CsHg ---> NaCgHs + %Ho

NaCgHg + (CgHs)35nCl ---> (CgHg)3SnCsHs + NaCl

However, some of these saltse are spontaneously flammable

on exposure to air.

The Grignard method offered a convenient and safe

wvay to arrive at this compound (33, 34).

CoHgBr + Mg ---> CgHgMgBr
CoHsMgBr + CgHg ---> CoHg + CsHgMgBr

CgHgMgBr + (CgHg)43SnCl ---> (CgHg)a3SnCgHg + MgBrCl

Cyclopentadienylmagnesium bromide was prepared according
to the method of Grignard and Courtot (33) wusing an ex-
change reaction between cyclopentadiene and ethylmagnesium

bromide. This Grignard compound then was treated with
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triphenyltin chloride (34). Freshly prepared cyclopenta-
dienyl was ugsed and & benzene-ether, (1:1) mixture, vas
employed as a solvent. Cyclopentadienyl derivatives of tin

are unstable in the presence of air and light.

Starting Materials: Triphenyltin chloride wvas
prepared aas previously described. Cyclopentadiene was
obtained by cracking dicyclopentadiene with a short
distilling column, packed with glass wool. Cyclopen-
tadiene was distilled +twice and stored in an ice bath until
ready for use. Benzene and petroleum ether were distilled
from calcium hydride and stored over sodium wire. Diethyl
ether was dried by storing over sodium wire. All operations
involving the use of Grignard reagents vere run in a

nitrogen atmosphere.

hggaratus: 250-mL 3-necked boiling flask, provided
wvith a reflux condenser fitted with a calcium chloride tube,
a dropping funnel and tube through wvhich gaaseous nitrogen

could be introduced.

Procedure: The flask was thoroughly dried with a
flameleas heat gun while flushing with dry nitrogen.

Cyclopentadienylmagneaium bromide wae prepared according +to

the method of Grignard and Courtot (33). A solution of 0.8
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milliliters (9.1 mole) of <freshly distilled cyclopen-
tadiene in 40.0 milliliters of dry benzene wvas added slowvly
to an ethyl-magnesium bromide solution, prepared from 0. 24
grams (0.01 mole) of .magnesium in 10.0 milliliterse of dry
ether and 0.8 milliliters (©0.01 wmole) of ethyl bromide in
12.@ milliliters of dry ether, followed by heating for 1.5
houre at 6@°C with the evolution of ethane. Cyclopenta-
dienylmagnesium bromide formed a dark colored clear
golution. A solution of 1.5 grams (3.9 x 103 mole) of
triphenyltin chloride in 32,90 wmilliliters of s benzene-
ether (l:1) mixture, was added rapidly to the solution of
cyclopentadienylmagnesium bromide. After heating the
reaction mixture for four hours at the reflux temperature,
it was concentrated to a yellow, oily paste by distillation
of the mixed solvente at reduced pressure. This paste was
digested twice with 100.0 milliliters of a benzene-
petroleum ether, (1:1) mixture, (b.p. 60-80°C) and filtered
hot., After concentrating and cooling the <filtrate, 1.2
grams (80%L) of triphenyl-l-cyclopentadienyltin were
obtained. After two recrystallizations from petroleum
ether <(b.p. 60-80°C) one gram of pure product, (light
yellow crystals) was obtained melting at 122-124¢C (1lit.

130-131°C, 129°C and 120°C).
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1H-NMR, and pseudc rotation of TPC are
reported. The five cyclopentadienyl protona showed only
one sharp signal at 377Hz (1lit. 368.5Hz), wvwhich has
satellites at both s8ides originating from H-119gn and
H-117gp coupling (33). These results appear to be

consistent with literature values (35).
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PREPARATION OF TRIPHENYLTIN HYDRIDE

Triphenyltin hydride has been prepared according

to the method of Kuivila (38).

4(CgHg135nCl + LiAlHgq ---> 4(CgHg)3SnH + LiCl + AlClg

Starting Materials: Triphenyltin chloride was
prepared as previously described. Lithium aluminum
hydride was used ams supplied from Aldrich. Diethyl ether

vas dried by storing over sodium wire.

Apparatus: 250-m1 3-necked boiling flask,
provided with a reflux condenser fitted with a calcium
chloride tube, a dropping funnel and tube through which

gaseous nitrogen could be introduced.

Procedure: The flask was dried thoroughly with a
flameless heat gun while flushing with dry nitrogen. 13.0
grams of triphenyltin chloride and 0.8 grama of 1lithium
aluminum hydride were added rapidly to 150 mililiters of
dry ether, which was cooled in an ice-bath. The mixture
was stirred at the bath temperature for 15 minutes, and
then at room temperature for three hours. The ice-wvater

wvas carefully added until there was no further evidence
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of gas evolution. The ether layer wvas separated, vashed
several times with water and dried over anhydrous magne-
sium sulfate. The ether solution was then distilled at
reduced pressure to give a gray viscous oil. The oil wvas
vacuum distilled to yield a white 1liquid, boiling point
155-162°C (1lit. 162-168 at .Smm). On exposing this white
liquid to air, it became a gray viscous material. 1H-NMR
and IR are consistent with known literatﬁre values (37,

as8y.



—g2-

PREPARATION OF TETRAKISPARATOLYLTIN

Tetrakis(p-tolyl)tin has been prepared according

to the method of Krause (39).

Mg + p-CHa-CgHgq-Br ---> p-CHp-CgHg-MgBr

4p-CHz-CgHgq-MgBr + SnIgq ---> (p~CHy-CgHg)4Sn + 4MgBrl

After two recrystallizations from a benzene-
chloroform, (1:1) mixture, a 43% yield of pure product wvas

obtained melting at 233-235°C (1lit. 233-237¢C).

Starting Materials: Magnesaium and 4-bromotoluene
vere used as supplied from Aldrich. Stanni¢ iodide vwas
prepared as previously described. Benzene and tetrahydro-
furan wvere distilled from calcium hydride and stored over
godium wire. Nitrogen gas wae dried by passing through

concentrated sulfuric acid.

Apparatug: 250-mL. 3-necked boiling flask, pro-
vided with a reflux condenser fitted with a calecium chlo-
ride tube, a dropping funnel and tube through which gaseous

nitrogen could be introduced.
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Procedure: The flask was dried thoroughly with a
flameless heat gun while <flushing with dry nitrogen. A
golution of 5.173 grams (.@030 mole) of 4-bromotoluene in
20.0 milliliters of dry tetrahydrofuran was added dropwise
to a solution of 0.81 grama (.@0333 mole) of magnesium in
15.2 milliliters of dry tetrahydrofuran. The flask was
heated gently until the reaction began, after which
heating was no longer necessary. After the addition, the
reaction mixture was refluxed for one hour. A solution of
3.3 grame (5.3 x 10°3 mole) of stannic iodide in 50.0
milliliterse of dry benzene was added dropwise at room
temperature to the reaction mixture. After the addition,
the reaction was refluxed for 18 hours and then carefully
hydrolyzed with 10% hydrochloric acid. The organic layer
wvas geparated, washed with water, and dried over anhydrous

sodium sulfate. The organic layer which was concentrated

and cooled yiélded S0% of raw product. After two
recrystallizations from a benzene-chloroform, (1:1)
mixture, 1.1 grama (45%) of white, crystalline

tetrakis(p-tolyl)tin was obtained melting at 233-235°C
(1it. 233-237°C) (39). 1 H-NMR is consistent with known
literature values (31). Schvarzkopf analysis for
tetrakisparatolyltin, found 68.96% C and S5.82%4 H. The

theoretical values are 69% C and 6% H.
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PREPARATION OF TRISPARATOLYLTIN BROMIDE

Tris(p-tolyl)tin bromide haa been prepared

according the the wethod of Chambers and Scherer (30).

(p-CH3-CgHg)45n + Io ---> (p-CH3-CgHg)3Snl + p-CHz~CgH4l
(p-CH3-CgHgq)35nI + NaOH ---> (p~CH3-CgHgq)3SnOH + Nal

(p-CHg-CgHq)3SnOH + HBr ---> (p-CH3-CgHq)3SnBr + Ho0

Starting Materials: Iodine, sodium hydroxide,

hydrobromic acid and chloroform were used as supplied from

Fisher. Tetrakis(p-tolyl)tin wvae prepared ase previously
described.
Apparatus: 250-mL. round-bottom flask, provided

with a reflux condenser fitted with =a calcium chloride tube

and heating mantle.

Procedure: 1In small lote, 0.64 grams (2.5 x 10-3
mole) of iodine were added to 1.2 grams (2.5 x 103 mole)
of tetrakis(p-tolyl)tin in 25.0 wmilliliters of chloroform.
After each addition of iodine the solution immediately
became decolorized. Iodine waas added until a permanent
brown color was obtained which wvas not discharged after

boiling for one hour. The solvent vaa removed on the
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vater-bath and iodotoluene was removed by distilling under
reduced pressure. The residue was dissolved in ether and
filtered to remove unreacted tetrakis(p-tolyl)tin. Thg
ether solution was shaken with 30% sodium hydroxide solu-
tion and the layers were separated. The ether layer was
shaken with concentrated hydrobromic acid, the layers were
separated and the ether layer was dried over anhydrous
godium sulfate. On concentration of the ether solution,
0.7 grams (60%) of tris(p-tolyl)tin bromide were obtained,
which after recrystallization from ether melted at
97.5-98.5°C (lit. 98.5°C). lH-NMR is consistent with

known literature values (31).
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PREPARATION OF TRISPARATOLYLTIN HYDRIDE (PTH)

Tris(p-tolyl)tin hydride (PTH) has been prepared

according to the method of Becker (40).

4(p-CH3~CgHg)4SnBr+LiAlHg4--->4(p-CH3-CgHg)3SnH+LiBr+AlBrqg

Starting Materialg: Tris(p-tolyl)tin bromide wvas
prepared as previously described. Lithium aluminum hy-
dride and sodium potassium tartrate were used as supplied
from Aldrich and Fisher, respectively. DPiethyl ether wvas

dried by storing over sodium wire.

Apparatus: 250-mL 3-necked boiling flask, provi-
ded with a reflux condenser fitted with a calcium chloride
tube, a dropping funnel and tube through which ga=seous

nitrogen could be introduced.

Procedure: The flask was dried thoroughly with a
flameleas heat gun while flushing with dry nitrogen. A
golution of 2.0 grams of tris(p-tolyl)tinbromide dissolved
in 25.0 milliliterg of dry ether wvas added dropwise to @.2
grams of lithium aluminum hydride suspended in 25.0 milli-
litersa of dry ether. After the addition, the reaction

mixture was refluxed for two hours and stirred at room
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temperature for an additional hour. 10.0 milliliters of
vater were carefully added until there was no evidence of
gag evolution. The contents of the flask were poured into
a solution of s8sodium potassium tartrate. The ether layer
vas separated, washed several times with water and dried
over anhydrous sodium sulfate. The ether solution vas
then distilled at reduced pressure leaving a vhite solid
melting at 79.5-81°C. Recrystallization frbm methanol
yielded 1.5 grams (75%) of white needles (1lit. B88%)

melting at 82-84°C (lit. 82.3-84.9°C), (4@).

l4-NMR was consistent with the literature
including a sharp signal (Sn-H) at 400Hz (l1it. 425SH=z). IR
showed a eharp signal (Sn-H satretching) at 1240@cm-1

(1it. 1240cm~1), (37, 38).
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PREPARATION OF TETRAKISORTHOTOLYLTIN

Tetrakis(o-tolyl)tin has been prepared according

to the method of Grignard (30).

Mg + o0-CHg-CgH4Br ---> o-CH3-CgHgMgBr

40-CH3-CgHy4MgBr + SnIgq ---> (0-CH3-CgHg’45n + 4MgBrl

After three recrystallizations from a benzene-
ethanol, (1:1) solvent mixture, a mixture of tetrakis-
(o~tolyl)tin and hexakis(o-tolyl)ditin were obtained and
eagily separated. The melting points were 215-217°C and
299°C, respectively (1lit. 217.5-219.5°C and 299°C), (35,

8).

Starting Materials: Magnesium and 2Z2-bromotoluene
were used as supplied from Aldrich. Stannic iodide was
prepared as previously described. Benzene and tetrahydro-
furan were distilled from calcium hydride and stored over
godium wire. Nitrogen gas was dried by passing through

concentrated sulfuric acid.

Apparatug: 250-mL 3-necked boiling flask,
provided with a reflux condenser fitted with a calcium
chloride +tube, a dropping funnel and tube through which

gaseous nitrogen could be introduced.
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Procedure: The flask was dried thoroughly with a
flameless heat gun while flushing with dry nitrogen. A
solution of 12.0 milliliters (0.1 mole) of 2-bromotoluene
in 20.0 wmilliliters of dry tetrahydrofuran was added
dropwise to a solution of 2.43 grams (0.1 mole) of mag-
nesium in 40.0 milliliters of dry tetrahydrofuran. The
flask was heated gently until +the reaction began, after
vhich heating was no longer necessary. After the addi-
tion, the reaction mixture was stirred for one hour at
room temperature. A solution of 10.0 grams (0.016 mole)
of stannic iodide in 100.0 milliliters of dry benzene was
added dropwise at room temperature to the reaction mix-
ture. After the addition, the reaction was refluxed for
geven hours and then allowed to stir at room temperature
over night. The reaction mixture was then carefully
hydrolyzed with 10% hydrobromic acid. The organic layer
vag separated, washedlseveral times with water, and dried
over anhydroug sodium sulfate. The organic layer was
concentrated and cooled to form a white precipitate melt-
ing at 290°C which was recrystallized from benzene to give
2.4 grams (20%) of hexakis(o-tolyl)ditin melting at 299°C
(lit. 299°C) (8). The filtrate was reconcentrated and

cooled to yield a white solid. Further recrystallization
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ethanol, (1:1) mixture, gave 1.2 grams
crystalline solid melting at 215-217°C
5°C) (41). 1 H-NMR is consistent with

values (31, 8). Schvarzkopf analysis for

tetrakisorthotolyltin, found 68.92% C and 5.82% H. The

theoretical values are 69% C and 6% H.
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PREPARATION OF TRISORTHOTOLYLTIN BROMIDE

Two proceduree have been used to prepare tris-
(o-tolyl)tin bromide (30, 39). The preparations involve
the heating of tetrakis(o-tolyl)tin with stannic chloride
in an oil bath, or employing the reaction of
ﬁetrakis(o—tolyl)tin or hexakis(o-tolyl)tin and iodine in
refluxing chloroform. The latter method 18 superior
producing 60-70%Z of pure product melting at 98-99.5°C

(lit., 99.5°C) (41).

3(0-CH3-CgHy)45n + SnCly ---> 4(o-CH3~-CgHg)3SnCl
(0~-CHg3-CgHg)45n + I ---> (0-CH3-CHg)3SnI + o-CHa-CgHyl

or

[(0o-CH3-CgHg)35nlg + Io ---> 2(0-CH-CgHyg)ySnl
(0-CH3-CgHg)3SnI + NaOH ---> (0-CH3-CgHg)a3SnOH + Nal
(0-CHg-CgHg)3SnCl + NaOH ---> (0o-CH3-CgHg)3SnOH + NaCl

(0-CH3-CgHyg)35Sn0H + HBr ---> (0-CHz-CgHg)3SnBr + H30

Starting Materials: Iodine, hydrobromic acid,
chloroform and potassium hydroxide were used as supplied
from Fisher. Hexakis(o-tolyl)ditin and tetrakig(o-tolyl)-

tin vere prepared as previously described.
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Apparatus: 250-mL round-bottom flask, provided
with a reflux condenser fitted with a calcium chloride tube

and heating mantle.

Procedure: In small lots, 1.25 grams
(5.0 x 183 mole) of iodine were added to 2.4 grams
(3.2 x 10~3 mole) of hexakis(o-tolyl)ditin in 25.0 wmilli-
liters of chloroform. After each addition of iodine the
golution immediately became decolorized. Iodine was added
until a permanent brown color was obtained which was not
diacharged after boiling for one hour. The solvent was
removed on the water-bath. The residue was disolved in
ether and filtered to remove unreacted hexakis(o-tolyl)-
ditin. The ether solution was shaken with 30% potassium
hydroxide solution and the layers were separated. The
ether layer was shaken with concentrated hydrobromic acid,
the layers were separated and the ether layer was dried
over anhydrous sodium sulfate. On concentration of the
ether solutions 1.1 gramae (76%4) of tris(o-tolyl)tin bromide
were obtained which after recrystallization .from methanol,
melted at 98-99.5°C (lit. 99.5°C) (41). 1H-NMR is

congigtent with known literature values (31).
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PREPARATION OF TRISORTHOTOLYLTIN HYDRIDE (TOH)

Tris(o-tolyl)tin ( TOH) hasa been prepared

according to the method of Becker (41).
4(0~CHa-Cgl4)35nBr+LiAlHg4--->4(0-CH3~-CgHg)3SnH+LiBr+AlBrg

Starting Materials: Tris(o-tolylltin bromide was
prepared as previously described. Lithium aluminum hy-
dride and sodium potassium tartrate were used as supplied
from Aldrich and Fisher, reapectively. Diethyl ether was

dried by storing over sodium wire.

Apparatus: 250-mL 3-necked boiling flask, pro-
vided with a reflux condenser fitted with a calcium
chloride tube, a dropping funnel and tube through which

gaseous nitrogen could be introduced.

Procedure: The flask was dried thoroughly with a
flameless heat gun while flushing with dry nitrogen. A
golution of 1.1 grams of tris{o-tolyl)tinbromide dissolved
in 25.0 milliliters of dry ether, was added dropvise to
2.9 gramsa of lithium aluminum hydride suspended in 50.0

milliliters of dry ether. After the addition, the



-54 -

reaction mixture was stirred for three hours at room
temperature. Water was carefully added until there was no
further evidence of gas evolution. The contents of the
flask were then poured into a solution of sodium potassium
tartrate. The ether layer was separated, washed several
times with water and dried over anhydrous sodium sulfate.
The ether scolution wvas then distilled at reduced pressure
leaving a wvwhite s8so0lid melting at 90-94°C which after
sublimation at 90°C gave a white product, melting at
95-97°C. Recrystallization from wmethanol gave ©@.6 gram
65%, (lit. 77%), of white needles melting at 98-99°C (lit.
98. 6-99.4°C) (41),. 1 H-NMR showed a sharp sasignal at

405Hz. IR showed a sharp signal at 1270cm~1, (38).
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PREPARATION OF TETRAKISMETATOLYLTIN

Tetrakia(m-tolylltin has been prepared according
to the wmethod of Becker (41)., The synthesis based on
stannic chloride offered a higher yield, (S0%), than
stannic iodide, (32%).

Mg + m-CHa~CglHgBr ---> m-CHz-CgH4-MgBr
4m-CH3-CgHy4-MgBr + SnIg ---> (m-CHg-CgHg)4Sn + 4MgBrl

4Am-CHa-CgH4MgBx + 5nCly ---> (m-CH3-CgHg4)4Sn + 4MgBrCl

Two recrystallizations from ethanol afforded
feathery, pale yellowv needles melting at 127-128.5°C (lit.

128.4-129.6°C) (41).

Starting Materials: Magnesium, 3-bromotcluene
and stannic chloride were used as supplied from Aldrich.
Stannic iodide was preﬁared as previously described.
Benzene and tetrahydrofuran were distilled from calcium
hydride and atored over sodium wire. Diethyl ether was
dried by storing over sodium wire. Nitrogen gas was dried

by passing through concentrated sulfuric acid.
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Apparatus: 250-mL. 3-necked boiling flask,
provided with a reflux condenser fitted with a calcium
¥
chloride tube, a dropping funnel and tube through which

gaseous nitrogen could be introduced.

Procedure: The flask was dried thoroughly with
a flameless heat gun while flushing with dry nitrogen. A
solution of 12.0 wmillilitera (0.099 mole) of 3-bromo-
toluene in 20.0 wmilliliters of dry tetrahydrofuran was
added dropwise to a sgolution of 2.43 grama (0.1 mole) of
magnesium in 4@.9 wmilliliters of dry tetrahydrofuran.
The flask was heated gently until the reaction began,
after which heating was no longer necessary. After the
addition, the reaction mixture wvas refluxed for one
hour. A solution of 9.0 grame (0.0144 mole) of stannic
iodide in 80.02 williliters of dry benzene was added
dropwise at room temperature to the reaction mixture.
Upon completion of addition the reaction mixture was
refluxed for two hours and then carefully hydrolized with
10% hydrobromic acid. The organic layer was separated,
vashed several timea with water, and dried over anhydrous
sodium sulfate. The mixed solvents were distilled at
reduced pressure leaving a yellov, heavy, oily material

wvhich crystallized upon the addition of ethanol. When
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stannic chloride was used in another experiment inastead of
gtannic 1lodide and diethyl ether as a solvent inestead of
tetrahydrofuran, a yellow solid was formed instead of a
yellow oil. Recryatallization twice from ethanol yielded
2.2 gramse (32%) of pale yellov needles, wmelting at
126-128. 5°C. When stannic chloride waas used, there vas a
So% yiéld of pale yellow needleas melting at 127-128,5°C
(lit. 128.4-129.6°C) (41). 1 H-NMR is conaistent with

known literature wvalues (3l1l).
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PREPARATION OF TRISMETATOLYLTIN CHLORIDE

Trig(m-tolyl)tin chloride has been prepared

according to the method of Kozeschkow (32).

3(m-CH3-CgHq)4Sn + SnClg ---> 4(m-CH3-CgHg)3SnCl

Starting Materials: Tetrakis(m-tolyl})tin was
prepared as previously described. Stannic chloride was

uged as supplied from Aldrich.

Apparatus: 0il bath, 250-mL round-bottom flask
equipped with a reflux condenser, magnetic stirrer and

mechanical stirrer.

Procedure: Add .16 milliliters (1.36x10-3
mole) of stannic chloride to 2.1 grams (4.35x1@8 3mole)
of tetrakis(m-tolyl)tin in a 50-mL round-bottom <flask
fitted with a reflux condenser. It is not necessary for
vater to cool the condenser. The flask was pléced in an

oil bath wvhose temperature was slowly raised to 205°C,.

The o©il bath was heated at 200-210°C for three
hours, followed by three hours at 155-160°C. The reaction

veasel wvas allowed to cool to rocom temperature.
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The solid wass was broken up and extracted with boiling
ethanol. The filtrate was concentrated and cooled to form a
yellow solid melting at 95-100°C. Recryatallization twice
from ethanol yielded 1.0 gram (6@%) of yellow needles
melting at 106-108°C (1lit. 108°C) (32). 1H-NMR is

consistent with known literature values.
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PREPARATION OF TRISMETATOLYLTIN HYDRIDE (TMH)

Tris(m-tolyl)tin hydride (TMH) has been prepared

according to the method of Becker (41).

4(m-CH3-CgHg)3SnCl+LiAlH4--->4(m-CH3-CgHg)3SnH+L1iC1l+AlClg

Starting Materials: Tris(m-tolyl)tin chloride
wvag prepared as previously described. Lithium aluminum
hydride and sodium potassium tartrate vere used as
supplied <from Aldrich and Fisher, respectively. Diethyl

ether vas dried by storing over sodium wire.

Apparatusg: 250-mLk. 3-necked boiling flask, pro-
vided with a reflux condenser fitted with a calcium
chloride tube, a dropping funnel and tube through which

gaseous nitrogen could be introduced.

Procedure: The flask was dried thoroughly with a
flameless heat gun while flushing with dry nitrogen. A
salution of 1.0 gram of tris(m-tolyl)tin chloride in 40.0
milliliters of dry ether, was added dropwise to 2.0 grams
of lithium aluminum hydride suspended in 50.0 milliliters
of dry ether. After completion of the addition, the reac-

tion wmixture was stirred for three houra at room
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temperature. The water vas carefully added until there
vag no further evidence of gas evolution. The contents of
the flask were then poured into a s8olution of sodium
potassium tartrate. The ether layer was separated, washed
geveral times with water and dried over anhydrous sodium
sulfate. The ether solution was then distilled at reduced
preassure to give a yellow viscous oil. Thie oil was
vacuum distilled to yield a yellow liquid. 0On exposing
this yellow liquid to air, it became a yellowv viscoua

material. 1 H-NMR showed a sharp signal (Sn-H) at 414H=z.
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B - Techniques

¢

1 - The ESR Spectrometer

The spectra were taken with a .Varian E-9 ESR
spectrometer using 10@ KHz field modulation fitted with an
E-231 multi-purpose cavity (TEjp2 rectangular) and an
E-257 wvariable temperature accessory. X-band frequencies
vere measured using a model S5248L Hewlett-Packard fre-
quency counter with S5255-A GHz insert. ESR spectra were
calibrated wusing an 0.S. Walker Model G592 NMR proton

gaussmeter.
2 - The Cold Temperature Cell

Two types of low temperatures experiments were
performed. At temperatures of 93°K and higher the Varian
variable temperature dewar was used. The sample wvas
cooled by the flow of nitrogen gas from vaporized liquid
nitrogen. Temperatureg vwere controlled to * 1°K and were
determined by measuring the voltage ocutput of an iron-
constantan thermocouple using an ESI Model 300 Potentio-

metric Voltmeter Bridge.
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At temperatures between 4°K and 6@°K an Air-
Products Cyro-Tip Model LTD-3-110 liquid tranasfer Heli-
Tran aystem was used. The sample was cooled hy the flow
of helium gas from‘vaporized liquid helium. The sample
temperature vas controlled to : 0.1°K. Temperatures vwvere
determined by measuring the voltage output from a chromel
ve. gold thermocﬁuple using an ESI Model 300 Potentio-

metric Voltmeter Bridge.
3 - Purification of Solvent

Reagent grade 2-methyltetrahydrofuran was puri-
fied by refluxing over night over sodium vwire, redistil-
ling and storing over sodium-potassium alloy and benzo-
phenone under vacuum. 2-methyltetrahydrofuran was frozen
and degassed several times under wvacuum. At this point,
the blue color of the benzophenone radical developed in
the vicinity of the metal alloy. Degassed 2-methyltetra-
hydrofuran was condensed into the reaction vessel under

vacuum.

2-methyltetrahydrofuran forms a rigid glases
matrix at liquid nitrogen temperatures and possesses

several important properties (42) auch as:
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1. Optical traneparency;

2. Rigidity and non-cracking matrix;

3. The ability to dissolve a reasonable
quantity of solute;

4. Not readily photolyzed or easily
capable of producing free radicalsas

under visible light.

Reagent grade n-pentane was purified by refluxing
over night over sodium wire, rediastilling and storing over

godium.

4 - Light Source

The light output of a 1.6 Kw Oriel Hg-Xe lamp was
filtered using a water filter followed by a pyrex glass
filter. The filtered light was focused upon the irradia-
tion s8litse of the cavity by a spectrosil quartz lens. A DS
cm. water filter with quartz windows was inserted in the
optical train to absorb infrared radiation and prevent
localized heating of the sample. It vas folloved by a
pyrex glass filter to remove ultraviolet irradiation (100%

tranamission above 350 nm, @¥ transmission below 320 nm).
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S - Sample Preparation

Triaryltin radicals vere generated three

different ways:

(A) +through low temperature sodium-potassium reduction of
parent compounds; (B through low temperature peroxide
oxidation of parent hydride; (C) through photolysis of

cyclopentadienyl precursors.

A - Sodium-potassium alloy experiments

Solvents: Reagent grade 2-MTHF was purchased

from Aldrich and purified as previously described.

Reagentsg: Pure sodium and potassium metal were
cleaned under mineral oil. Accurate quantities of sodium
and potassium wvire were obtained by cutting off measured
lengths under mineral o0il followved by washing the metal
using petroleum ether. Isotopically enriched tetraphenyl-
tin, tetrakisorthotolyltin, trisorthotolyltin iodide,
hexakisorthotolylditin and tetrakisparatolyltin were

prepared as previously described in section IIIA.
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Preparation of triaryltin enions: The triaryltin

anion solutione for optical spectroscopy were prepared
using sodium-potassium alloy (43-46). In specially
degigned reaction vessels under high vacuum, {(figure 44),
approximately 0.91 gram of the solid sample was placed
into the bottom of the reaction vessel followed by equal
quantities of sodium and potassium in the gside-arm of the
sample tube. The reaction vessel and its contents were

then thoroughly degassed under high vacuum (10-5-10"6
torr), (figure 4B), several timea. The sodium-potassium
mixture was flame heated strongly at the side arm to form
a clean alloy mirror at the top-side arm of the sample
tube. Impurities aseociated with the alkalai metals were
trapped at the bottom of +the aide-arm and were sealed
off. About one milliliter of dry, degassed 2-MTHF was

condensgsed into the sample tube under wvacuum.

The aamplé tube was sealed from the top and
removed from the wvacuum line (figure 4C). Triphenyltin
anions were generated by reaction of the parent compounds
in solution with the sodium-potameium alloy as indicated
by the formation of a yellow s&olution. Ase an independent
check on the formation of triphenyltin anions, the NNMR
spectra of the productse were obtained, they were identical
in the line shape and line position with the results

reported by Bramwell (5) and Cox (47).
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Figure 4A - A schematic diagram of a reaction veasel.
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Figure 4B - A s8chematic diagram of a reaction veasel

under the vacuum line.
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Figure 4C - The reaction vessel removed from the vacuum

line.






_73_

Special care was taken not to keep the solution
in contact with the sodium-potassium alloy for 1long
periods of time. If triphenyltin anion solutiona are kept
in contact with sodium-potassium alloy for long periods of
time a reddish-brown color is formed. This color may
indicate undetermined polymerization, dianion formation or

synthesis of hexa-arylditin.

Although the reduction of tetraphenyltin,
hexa-phenylditin and triphenyltin chloride by sodium or
potassium metal has been reported (5, 30, 48-51) the use
of pure sodium or potasgsium mirrors failed to provide
sufficiently concentrated aryltin aniona for detailed

analysis of radical spectra.

B - t-Butyl Peroxide Experiments

The following compounde vwere used to produce
triaryltin radicels through t-butyl peroxide oxidation of
‘aryltin hydrides: triphenyltin hydride, tris (o-, wmw-,

p-tolyl)tin hydrides.

Solvents: Reagent grade n-pentane was purchased

from Fisher and purified as previously described.



_74_

Reagente: Di-t-butyl peroxide was used as
supplied from Aldrigh. Natural abundance, +triphenyltin

hydride, trisparatolyltin hydride trismetatolyltin hydride
and trisorthotolyltin hydride wvere prepared as previously
described in section III-A. A 0.2M solution of di-t-butyl
peroxide in n-pentane and a 0.4M solution of triaryltin
hydride in n-pentane vwere prepared. Solutions vere mixed
and transferred by pipet to a quartz ESR tube, flushed
thoroughly with dry nitrogen g¢gas for two minutes, and

sealed quickly (7).

€ - Cyclopentadienyl Experiments

Solvent: Reagent grade 2-MTHF was purchased from

Aldrich and purified as previously described.

Reagent: Triphenyl-l-cyclopentadienyltin vaa
prepared as previously described in section III-A. A
0.01M solution of +triphenyl-l-cyclopentadienyltin in
2-MTHF was prepared, transferred by pipet to a quartz ESR
tube, flushed thoroughly with dry nitrogen gas for two

minutes, and sealed quickly.



IV. RESULTS

A - TETRAPHENYLTIN

1. Anion synthesis

Triphenyltin anions were generated wusing the
alkali metal reduction of tetraphenyltin in 2-methyltetra-

hydrofuran.

(CgHs)4Sn + 2Na/K ---> (CgHg)g Sn”K* + CgHg K*

Figure 5 showe the proton NMR apectra of the
products. The spectra were identical in line shape and
line position with the results reported by Bramwell (5)
and Cox (47), and thue serve as an independent check of
the experimental method. The peak marked with a star has
been identified as the benzene resonance and occurg in the

tetraphenyltin reduction, as expected.

Radicals were generated ueing the focused £fil-
tered light output of a 1.6 kW Oriel medium pressure Hg-Xe
lamp. A water filter followed by a pyrex glass filter
produced 100% transmission at wave lengtha greater than

350 nm and less than 70@ nm. The parent compounds were

-75=



-76-

Figure S5 - 60 MHz lH-NMR Spectrum of (Csﬂs)élgsn' obtained
by sodium-potassium reduction of (CgHg)4Sn

in 2-MTHF.
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isotopically enriched to 84% 119sn with 16% of other tin

igotopes in natural abundance.

2. ESR Spectra

Low temperature experiments wvere performed at
93°K and 4°K. The experimental spectra at 4°K were
aimilar to those at 93°K. The only differences wers

characteristic Boltzmann enhancements of signal intensity.

The vieible 1light dependence of 2-MTHF was
determined by running a neat sample of 2-MTHF and Na/K
alloy under the experimental conditions before and after
exposing 1t +to the focused light source. HNo ESR signal
wvas observed indicating that no detectable radical con-

centrations were preasent.

Figure 6 consists of two parts: figure 6A and
figure 6B, Figure 6A i8 the base line vhich 18 obtained
by running the sample under the experimental conditions

before exposing it to a focused light source.

Figure 6B shows the ESR spectrum of the tri-
phenyltin radical at 93°K. The spectrum has a Gaussian

line shape and consists of three main features:



Figure 6 -
(A)

(B)
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The ESR spectra of (CgHs)3'%Sn: in 2-MTHF at 93 K.
Bage line - sample in place but not irradiated.
Vigible 1light irradiation of sample producing

spectral features C, D, E, F.
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1. Signal C: a down-field (2117 G) broad
signal of 150 G line-width;

2. Signal D: a central signal (3269 G) of
high intensity and 14 G line-width;

3. Signale E, F: a pair of signals at
high-field (3913, 4112 G} of 50 G and
30 G line-width. These two signals

vere separated by 200 G.

As the spectra show in figure 6B, signal C has a
first derivative Gaussian line shape and is about 1152 G
from aignal D (central signal). The broadened signal (150
G peak-to-peak width) suggeste that there may be

unresolved structure.

Signal D (3269 G) of the triphenyltin radical has
a line-width of 14 G. The high intensity of this peak may
be due to a combination of undetermined polymerization,
dianion formation, and the formation of radical from the

16% abundance of other tin isotopes in the parent anion.

At high-field, signal E which is observed at
3913 G is sharp and has a first-derivative line shape with
a line-wvidth of 50 G. This signal is assigned as the A or

Axy hyperfine coupling by analogy to Lehnig (6) and to
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Berclaz (4). Signal F at 4112 G is broad and has an ab-
sorption 1line gshape with a line-width of 30 G (half-width
at half-height). This signal is assigned as the A“or Ay
hyperfine coupling. The isotropic and anisotropic hyper-
fine asplittings wére determined using equations (21-22) in
section II where ajgq =1/3(A”+ 2{1). Table 1 shows that
isotropic and anisotropic hyperfine splitting are in

excellent agreement with those reported by Berclaz (4).

Axially symmetric g tensors for randomly oriented
radicals, are known to give asymmetric line shapes with a
shoulder corresponding approximately +to g" and a stronger
maximum corresponding to ql. The stronger absorption in
the region of ?L ia due to the greater probability in
randomly oriented samples of observation of molecules with

the orientation (17).

%

Figure 7 s8showe the complex spectrum of the
central signal D. No g = 2 signal is expected from parent
anion compounds based on 119sn. The origin of signal D,
therefore, is uncertain, and may be the result of partial
decomposition of the sample, parent compounds based on the

16X abundance of the tin isotopes, or dianion formation.



-83~

Figure 7 - The ESR aspectra of the central signal at g = 2

of (CgHs)i'%sn: in 2-MTHF at 93 K.

9 B =9
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The determination of g-factors was based on the
spectra of 1205, based parent compounds. It was
reasonably assumed that the g-factor for 120gn would be
identical to that of 1193n. g-Factor valuea are listed

in table 2.

The ESR aignal of +the +triphenyltin radical is
light independent. The irradiation time required to
generate sufficient triphenyltin radicals to obtain a
signal to noise ratio of 6:1 ia about 3 - 5 minutes. It
is apparent that as long as the sample 1a exposed to the
light source the signal intengity will increase. When the
light source was removed the signal intensity did not

change.

Warming of the trapped radical from 93°K to
103°K, =alightly above the melting point of the matrix,
caused the signal intensity to decrease to zero. On reco-
oling to 939K, the signal did not return until the sample
was irradiated again. These results are consistent with a
mechaniam which assumes the generation of triphenyltin
radical by the photo-oxidation of triphenyltin anion

according to the following reaction (3):

(CgHg)3Sn"=-=-=-~ > (CgH5)3Sn* + e”.
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These results are analogous to those reported for tri-

phenylmethyl radical (52):

(CgHg)3C™ ~--—-~ > (CgHg)3C + e,

3. Hyperfine Splittings and g-Factor Determination

The results of analyses of the ESR spectra for
triphenyltin radical are shown in tables 1, 2 and 3. As
seen in figure 6B, the hyperfine splitting is not symme-
trically placed about the central signal D. The apectra
are, therefore, far from first order in appearance and the
hyperfine coupling constant 18 not eaimply the separation
of the high-field, (signals E, F) and low field (signal C)
spectral features. Accurate values can only be obtained
by application of the Breit-Rabli equation (17-20)

(equation 35-37, sec. II).

The g valuee for the 1195,  based anion, (signal
D), were estimated using a trial value obtained from natu-
ral abundance 120gp, From that g value, Hp vas calcu-
lated and used in the Breit-Rabli equation to determine the

hyperfine splitting.
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From an analyeis of figure 6B, the magnetic
fields assoclated with the signals E and F are 3913 G and
4112 G, respectively. The field at signal D is estimated
at 3269 G. Applying these data to equations (35-37) in
section II, the isotropic and anisotropic hyperfine split-

tings are:

457 G

8 jgo = 1823 G ~

1594 G

A, = 2280 G AL
From these data and through the wuse of equations (35-37)
it was possible to calculate the line position of the low-
field apectral features. The results are in excellent

agreement with the observed data and are shown in table 4.

Equations (29-33) in s8ection 11 were wused to
egtimate the percent of "S" and "P" character of the
orbital containing the unpaired electron (14), the extent
of hybridization, the out-of-plane angle, 0, (the comple-
ment of the ligand-tin-symmetry axis angle), and the
ligand-tin-ligand bond angle, #. These calculations are
baged on atomic parameter calculationg of Morton and

Preston (22).
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4. Ultraviolet (UV) Degradation

Triphenyltin radicals were generated using unfil-
tered UV light. Figure 6C showa the ESR spectrum of the
UV irradiated triphenyltin radicals in a 2-MTHF glass at

93 K.

The high and low-field spectral features were
identical in 1line shape and line poeition with results
obgerved using visible 1light, (see figure 6B). The
intengity of the central signal wag dramatically enhanced
by UV irradiation. It was observed that 2-MTHF produces
free radicals wunder UV irradiation, and wmost probably
contributes significantly to +the 1line shape and line

position of signal D.
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Figure 6C - The ESR apectra of UV irradiated

(CgHs)531%Sn: in 2-MTHF at 93 K.
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Radical a ~ A A o g
ige LM 1 I !

PhaSn- 1823 229 2280 1594 2.007 1.995
2 = 114.6° 6 = 13.6°

PhaSn* (4) 1866 234 2334 1632 2.007 1.995

2 = 114.6° 6 = 13.6°

Table 1 - Hyperfine splitting and g-factor parameters for

triphenyitin radical.

vhere ajgo 18 the isotropic hyperfine eplitting, Tl is the
anigotropic hyperfine aplitting, AL and A" are the hyper-
fine splitting for a magnetic field oriented perpendicular
and parallel to the symmetry axis, QL and g” are the
g-factor values for a magnetic field oriented perpendicular
and parallel‘ to the symmetry axis, & is the ligand-tin-
ligand inter-bond, and ® is the out-of-plane angle, (the

complement of the ligand-tin-symmetry axis angle.
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(p-CHg3-CgHg)3Sn" (CgHs)3Sn (0o~CH3-CgHg)3Sn*
! I |
[ 1 |
[ I T

A 6 | 2387 | 2280 | 2551
[ ) [
| | | )

A, B 1 1644 I 1594 | 1811
| i [
[ i i

ajgo 6 | 1891 ) 1823 i 2058
{ [ ]
| t |

w 6 | 495 | 457 I 493
1 I I
I [ I

c2, I @.121 | ©0.117 I Q.132
1 I 1
I | I

c2, I @.953 I .879 ! 2. 948
i i 1
| I |

C2g+C2, | 1.074 |  ©0.996 | 1.080
| [ I
I | |

C2,/C24 1| 7.86 | 7.53 [ 7.20
I 1 I
I | I

g I 1.998 I 1.995 ) 1.998

i | | |
I ~ i |

g I 2.005 | 2.007 i 2. 006
I | i
) | I

9igo | 2.000 | 1.999 ! 2. 001
I I |

& (deg) | 114.8 I 114.6 I 114.4
| } |
[ i i

@ (deg) | 13.4 I 13.6 i 13.9
| } i

TABLE 2- ESR Parametere for Triaryltin Radicala.

Ag=15600* G 2Bg=520" G

= Morton and Preston atomic parameters (22).
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Coupling
2 2 2
Radical Constants Co - Cp A g e
Ph3Sn-* a, ..z 1823 G @.117 ©2.879 7.53 114.6° 13.6°
so
T = 457 G
Table 3 - "S" and "P" character of the central atom for

PhaSn* in 2-methyltetrahydrofuran at 93¢ K.

025(5- character) = ajgn/Ag

C2_(P-character) = v, /2B
P Il o

vhere A, and B, are theoretical isotropic and anisotro-
pic coupling constants of 15600 G and 520 G, respectively
(22). ajgo and wnare respective experimental isotropic

and anisotropic coupling constants.

A2(nybridization) = C25/C2g

g = Coa’ ——iég———— -
2 \°+ 3 2
2, _ 1
Cos“ 8 = —5— [ 1 + 2 Cos & ]

wvhere £ is the ligand-tin-ligand inter-bond angle, and 0
is the out~of-plane angle, (the complement of the ligand-

tin-symmetry axis angle).
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vhere §L' and A" are the hyperfine splitting values for a

magnetic field oriented perpendicular and parallel to the

aymmetry axis. {0, and Tl are the isotropic and
anisotropic hyperfine splitting respectively. 025, and
62p are "S" and "P" character, respectively. ( Az)

€c2,/C24 is the hybridization ratio. and g are

9
respectively, the g values for a magnetic field oriented
perpendicular and parallel to the symmetry axie. &, 0 are
reapectively, the ligand-tin-ligand inter-bond angle, and
out-of-plane angle, (the compliment of +the ligand-tin-

symmetry axis angle).
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line

(17-20).

positions

calculated

using Breit-Rabi

Hy Hy Hg 1 Hy

Obgerved 2117 3269 3913 4112
C_H )Sn'
(Fets)5 | | | | |
Calculated 1516 2218 3267/3272 3913 4112
Cbserved 2083 3273 3930 4140
(p-CHS-C6H4) Sn

. | | | |
Calculated 1420 2173 3266/3273 3930 4140
Observed 1942 3260 3971 4166
( n-cua-csu4) Sn

) | | | |
Calculated 1151 2009 3250/3262 3971 4166
Table 4 - Observed and calculated triaryltin radical ESR

equation
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B - TETRAKISPARATOLYLTIN

1. Anion synthesais

Triparatolyltin anione vere generated using the
alkali metal reduction of tetrakisparatolyltin in

2-methyltetrahydrofuran.

(p~CHz~CgHg) 4Sn+2Na/K--->(p-CHg3-CgHgq)3Sn"K*+CH3-CgHg "K*

The proton HNMR spectra of the products are shown
in figure 8. The spectra were saimilar in line shape with
the results reported by Bramwell (5) and Cox (47) for the
triphenyltin anion, and strongly suggested the formation
of the triparatolyltin anion. The peak marked with a star

has been identified as the toluene resonance .

Radicals were generated using the focused fil-
tered light output of a 1.6 kW Oriel medium pressure Hg-Xe
lamp in an identical manner to triphenyltin radicals. The
parent compounds were isotopically enriched to 84% 119gn

with 164 of other tin isotopes in natural abundance.



-7 -

Figure 8 - 60 MHz lH-NMR Spectrum of (p-CH3-CgHq)3'%sn-

obtained by sodium-potassium reduction of the

(p-CHz3~CgHyq) 4Sn in 2-MTHF.
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2. ESR Spectra

Lov temperature experimenta were performed at
93°K and 4°K. The experimental spectra at 4°K were
aimilar to those at 93°K. The only differences were

characteristic Boltzmann enhancements of signal intensity.

Figure 9 conseista of two parts: figure S9A and
9B. Figure 9A 18 the base line vhich is obtained by
running the sample under experimental oconditions before

exposing it to a focused light source.

Figure 9B shows the ESR spectrum of the tripara-
tolyltin radical at 93°K. The spectrum has a Gaussian

line shape and consists of three main features:

1. Signal C: a down-field (2060 G) broad
signal of 160 G line-width.

2. Signal D: a central signal (3268 G) of
high intensity and 16 G line-width.

3. Signals E, F: & pair of signals at
high-field (3930, 4140 G) of 60 G and
30 G line-width. These twvo signale

vere separated by 210 G.
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Ae the spectra shov in figure 9B, signal C has a
first derivative Gaussian 1line shape and is about 1200 G
from signal D (central signal). The broadened signal (160
G peak-to-peak width) suggests that there mnay be

unresolved structure.

Signal D (3268 G) of the triparatolyltin radical has
line-width of 16 G. The high intensity of this peak may
be due to a combination of undetermined polymerization,
dianion formation, and the formation of radical from the

167 abundance of other tin isotopes of the parent anion.

At high-field, signal E which 1is observed at 3930 G
iz sharp and has a first-derivative line shape with a
line-vidth of 6@ G. This signal is assigned as Qior Axy
in an analogous manner to the triphenyltin radical.
Signal F at 4140 (3 ie broad and has an absorption line
shape with a line-width of 30 G (half-width at half-
height). This saignal is assigned as A” or Az hyperfine
coupling. The isotropic and anisotropic hyperfine
coupling congtants are 1listed in table 2. Theae results

are now reported for the first time.
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Figure 9 - The ESR apectra of (p-CH3-05H4)élgsn' in 2-MTHF
at 93 K.
{A) Baase line - sample in place but not irradiated.
(B) Visible light irradiation of sample producing

apectral features C, D, E, F.
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In an identical manner to the triphenyltin
radical, sasignal A and B in figure 1@ are aseigned +to the
respectively. The g values

anigotropic and ¢

9 e

(perpendicular and parallel) have been determined and

their values are listed in table 2.

The ESR signal of the triparatolyltin radical is
light independent. The irradiation time required to
generate enough triparatolyltin radicals to obtain a
signal to noise ratio of 6:1 is about 7 - 10 minutes. The
light independent behavior of the triparatolyltin radical

vasg identical to that of the triphenyltin radical.

Warming of the trapped radical from 93°K to
103°K, s=lightly above the melting point of the matrix,
caused the signal inténaity to decrease to =zero. On
recooling to 93°K, the signal did not return until the
sample was irradiated again. These resultis are consistent
with a mechanism which asgsumes the generation of +tri-
paratolyltin radical by the photo-oxidation of tripara-

tolyltin anion according to the following reaction:

(p~-CH3-CgHg4)35n™ --=--- > (p~CHa~CgHyg)3Sn* + e,
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Figure 1@ - The ESR apectra of the central signal at g = 2
119
of (p-CHa-CgHyg)'3 "Sn* in 2-MTHF at 93 K.

A = QL B = g“
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3. Hyperfine Splittings and g-Factor Determination

ESR data for triparatolyltin radical are listed
in table 2. The isotropic and anisotropic hyperfine
splitting were calculated form the high-field signals and
signal D in an identical manner to that of triphenyltin

radical.

From the analyses of =8signals E and F in figure
9B, the field associated with the first and asecond saignals
are 3930 G and 4140 G respectively. The field at the
central signal D is estimated 3268 G. Applying these data
in equations (35-37) in section II, the isotropic and

anisctropic hyperfine are:

495 G

A“ = 2387 G Al 1644 G

The spectra in figure 9B vere identical in line
shape with the sapectra of the triphenyltin radical.
Therefore, the position of signal C was derived in a
gimilar manner. The calculated results are 1in excellent

agreement with the observed values as shown in table 4.
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4. Ultraviolet (UV) Degradation

UV photolysis experiments wvere performed on the
triparatolyltin anion by simply removing the pyrex filter.
Figure 9C showa the ESR aspectrum of the UV irradiated tri-
paratolyltin radical at 93 K. The spectrum has a Gaussian
line shape and conasista of six main featurea: signals C,

D’ Ep F' x; Y.

Signals C, E and F in figure 9B vere identical in
line shape and line position with the results observed in
figure SC. Howvever, under UV irradiation +two extra satel-
lites are obaserved. At low-field, signal X (2265 G) 1is
broad and has a first derivative Gaussian line shape and
ig about 100@ G from the central signal D (g=2). At
high-field, signal Y which is observed at 3700 G is sharp,
has an absorption 1line shape and is about 450 G from the
central signal D. Signals X and Y are placed unsymmetri-
cally about the central signal P. These results are
consistent with a model which asasumes UV degradation of

triaryltin radicals.

The intenasity of signal D of the UV irradiated
triparatolyltin radical has contributiona from undeter-

mined radical species and from the degradation of 2-MTHF
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under UV light. A hkey problem in the UV photolysis ia
simultaneous production of undetermined radical species
vhich complicate the identification of the triaryltin
radical. Theae results strongly suggest photolytic degra-

dation of the parent radical and the 2-MTHF matrix.
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Figure 9C - The ESR spectra of UV irradiated

(p-CH3-CgHg)31%8n: in 2-MTHF at 93 K.
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C - TETRAKISORTHOTOLYLTIN

1. Anion synthesis

Triorthotolyltin anions were generated using the
alkali metal reduction of tetrakisorthotolyltin in

2-methyltetrahydrofuran.

(O—CH3—05H4)4Sn+2Na/K——->(O—CH3*05H4)35n‘K’+CH3-CGH4'K+

The proton NMR spectra of the products are shown
in figure 11 . The spectra were esimilar 1in 1line shape
with the results reported by Bramwell (5) and Cox (47) for
triphenyltin anion , and strongly suggested the formation
of the triorthotolyltin anion. The peak marked with a

gstar has been identified as the toluene resonance.

Radicals were generated using the focused £il-
tered light ocutput of a 1.6 kW Oriel medium pressure Hg-Xe
lamp in an identical manner to triphenyltin radical. The
parent compounds were isotopically enriched to 84% 119gn

with 16% of other tin isotopes in natural abundance.
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Figure 11 - 6@ MHz lH-NMR Spectrum of (o-CH3—CGH4)éIQSn'
obtained by sodium-potassium reduction of the

(0-CHa-CgHg)45n in 2-MTHF.
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2. ESR Spectra

Low temperature experiments were performed at
93°K and 4°K. The experimental sapectra at 4°K were
gimilar to those at 93°K. The only differences vere

characteristic Boltzmann enhancements of signal intensity.

Figure 12 consists of twvo parts: figure 12A and
12B. Figure 12A im the base line which 1s obtained by
running the sample under the experimental conditions

before exposing it to a focused light source.

Figure 12B showg the ESR spectrum of the
triorthotolyltin radical at 93°¢K. The apectrum has a

Gaussian line shape and consists of three main features:

1. Signal C: a down-field (1926 G) broad
glignal of 160 G line-width.

2. Signal D: a central signal (3260 G) of
high intensity and 12 G line-width,

3. Signales E, F: a pair of gignals at
high-field (3971, 4166 G) of 60 G and
25 G line-width. These two signals

vere separated by 195 G.
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Figure 12 - The ESR spectra of (o~CH3—CGH4)éIQSn' in 2-MTHF
at 93 K.
(A) Bagse line - sample in place but not irradiated.
(B) Vigible 1light irradiation of sample producing

spectral features C, D, E, F..
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A8 the gpectra show in figure 12B, signal C has
a firat-derivative Gauasian line shape and is about 1334 G
from s8signal D ({(central mesignal). The broadened signal
(140 G peak-to-peak width) suggests that there may be

unresolved structure.

Signal D (3260 G) of the triorthotolyltin radical
has a line width of 12 G. The high intenaity of this peak
i due a combination o0f undeterwined polymerization,
dianion formation, and the formation of radical from the

16% abundance of other tin isotopes of the parent anion.

Signal E wvwhich is observed at 3971 G is sharp and
has a first-derivative 1line shape with a line-width of
6006. Thia wsignal is assigned as the Al or Axy in an
analogous manner to the triphenyltin radical. Signal F,
at 4166 G, is broad and has an absorption line shape with
a line-width of 25 G (half-width at half-height). This
signal is assigned as the A“ or Az hyperfine coupling.
The isotropic and anisotropic hyperfine splittings are
listed in table 2. These results are now reported for the

firat time.

Signals A and B in figure 13 are assigned to the

anisotropic and g  respectively in a similar manner to

9 I
that of triphenyltin radical. The g values (perpendicular
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Figure 13 - The ESR spectra of the central signal at g = 2

of (0-CH3-CgHg)3'%Sn: in 2-MTHF at 93 K.

A=9 B =g,
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and parallel) have been determined and their values are

listed in table 2.

The ESR signal of the triorthotolyltin radical is
light independent. The irradiation time required to
generate sufficient triorthotolyltin radicals to obtain a
gignal to noige ratio of 6:1 is about 7 - 10 minutes. The
light independent behavior of the triorthotolyltin radical

vae identical to that of triphenyltin radical.

Warming of the trapped radical from 93°K to
103°K, =slightly above the melting point of the matrix,
caused the sasignal intensity +to decrease to =zero. On
recooling to 93°K, the signal did not return until the
gample was irradiafed again. These results are consistent
with a mechanism which assumes the generation of tri-
orthotolyltin radical by the photo-oxidation of triortho-

tolyltin anion according to the following reaction:

(D-CHS—C6h4)35n_ ----- > (0-CHg~-CgHy)3Sn* + e™.
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3. Hyperfine Splittings and g-Factor Determination

ESR data of triorthotolyltin radical are listed
in table 2. The isotropic and anisotropic hyperfine
gplittings were calculated from the high-field signals and
signal D in an identical manner to that of the triphenyl-

tin radical.

From the analyses of signals E and F in figure
128, the field associated with the <first and second
signals are 3971 G and 4166 G, respectively. The field at
the central signal D is estimated to be 3265 G. Applying
these data in equations (35-37) i1in @eection II, the
igotropic and anisotropic hyperfine coupling constants

are:

a jgg = 2058 G T T 493 G

1811 G

The poeitions of the magnetic resonance signals
wvere calculated in similar manner +to the triphenyltin
radical. The calculated 1line positions wvere in good

agreement with the observed values as shown in table 4.
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4., Ultraviolet (UV) Degradation

The generation of triorthotolyltin radicale has
been obgerved using unfiltered UV light. But the spectral

analyses were ambiguous and the accuracy was poor.

Figure 12C shows the ESR s8pectrum of the tri-
orthotolyltin radical in 2-MTHF using unfiltered UV 1light
at 93 K. The sapectra were identical in line shape and
line position with the results observed in figure 12B.
The apectrum has a Gausaian line shape and consists of aix

main features, signals: C, D, E, F, X and Y.

Signals C, E and F in figure 12B were identical
in line shape and line position to those observed in
figure 12C. Yet, in figure 12C two extra satellites are
obgerved. At low-field, asignal X (2265 G) has a first
derivative Gaussian 1line shape and is about 1000 G from
the central eignal D (g=2). Signal Y, at high-field, is
observed at 3700 G and is about 450 G from the central
signal D. Signals X and Y are unsymmetrically placed
about the central signal D. These results are consistent
with a model which assumes UV degradation of triaryitin

radicals.
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Signal D in figure 12C wvae different from the one
in 12B in line shape and in intensity. This is probably
due to the UV degradation of 2-MTHF. These results show
explicitly the saimultanecus production of undetermined
radical species. The use of unfiltered ultraviolet radia-
tion as a method of radical generation will complicate the
identification of the radical and, therefore, will compli-

cate the aspectral analyses.
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Figure 12C - The ESR apectra of UV irradiated

(0-CHg-CgHg)31%sn: in 2-MTHF at 93 k.
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D - t-Butyl Peroxide

1. Radical Generation

Following the wmethoda of Lehnig (7), triaryltin
radicals were generated in the cavity of the spectrometer
by the UV irradiation of di-t-butyl peroxide with the
corresponding hydride dissolved in n-pentane according to
the following reaction mechanism:

hv
(t-BuO)p ----> 2t-BuO
t-BuO* + (x~CgHyq)3SnH ---> t-BuOH + (x-CgHg)3Sn*

wvhere x (H-,0-CH3, and p-CHjy).

2. ESR Spectra

Low temperature experiments were performed at
93 K. The radical generated in +this manner from
triphenyltin hydride gave only a broad signal (18 G
peak-to-peak width). No hyperfine splitting was
observed. The g value of this signal was found to be

1.995,
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The radical generated from trisorthotolyltin
hydride gave a broad signal (126G peak-to-peak width). No
hyperfine splitting was obsgerved. The g value was found

to be 2.00S.

The radical generated from trisparatolyltin hy-
dride gave a broad asignal (10 G peak-to-peak width). No
hyperfine splitting was observed. The g value appeared to

be 2.004
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E - Cyclopentadienyl
l. Radical Generation
Triphenyltin radicals were generated in the cavi-
ty of the spectrometer by the UV irradiation of <triphenyli-

tin cyclopentadienyl in a 2-MTHF glass according to the

following reaction mechanism (12):

‘hy
(CgHg)9SnCgHg ----> (CgHg)3Sn* + CgHg*

2. ESR Spectra
Low temperature experiments vere performed at

93 K, using a 2-MTHF filter in place of the UV (pyrex)

filter. The radical generated gave only a broad signal

(16 G peak-to-peak width). No hyperfine aplitting was ob-
served. The g value wvas found to be 1.996. In the

abgence of the 2-MTHF filter, UV irradiation produced

numerous signals about g=2.



V. DISCUSSION

The obaserved ESR gpectra of isotopically enriched
triphenyltin, triorthotolyltin and triparatolyltin, vere
unsymmetrical and featured a broad signal in the low-field
region. The low-field signal suggests that it may contain
unresolved structure. The observed down-field signal was
found to be bracketed by calculated value when experimen-
tal temperature vwvere varied between 93° K and 4° K, the
broadened signal did not change 1line width or line posi-
tions. These results indicate that the broadened line is
most probably not the result of a kinetic process. It may
prove necesgsary to include second and third order effects
in the Breit-Rabi equation to describe these spectral

features.

The pyramidal étructure for the triaryltin radi-
cals investigated in thie s8tudy can be rationalized in
terms of the electronegativity arguments of Pauling (353)
and Morehouse (1). The reported bond angles are calcu-
lated from the ohaerved hyperfine splitting. The calcu-
lation assumes +that +the bonding orbitals are "S" and "P"

hybrids with no "D" contribution. The electronegativity

-129-
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of C im 2.5 and that of Sn is 2.0 on the Pauling scale
(55). The polarity of the tin-carbon bond is toward the
carbon. In aryltin radicals, the non-bonding tin orbital
vhich contains the unpaired electron will have more charge
density than the bonding tin orbitals. Thus, the total
*"S* glectron charge denaity on tin is increased by the "S*
character of the unshesred orbital. This would result in
veakened tin-carbon bonds relative to carbon-carbon bondsa

and lead to a pyramidal structure.

Triaryltin radical is expected to have Cgv
symmetry based on the unsymmetrical spectra, large hyper-
fine coupling and out-of-plane angle. The high "P" cha-~
racter wmakes it wunlikely that the radical has Rg4Sn~

instead of Rg3Sn: (3), vhere R = phenyl.

The calculated values for the hyperfine split-
tings are based on a model which assumes C3v symmetry,
(4). They are in good agreement with the observed spec-
tra. It is reasonable to assume that "D" orbitals proba-
bly do not participate for two reasons. First, these
orbitals do not transform under C3v symmetry as Ao
(54, 4) and second, there is relatively little variation

in the magnitude of <the g-factor. Variations in the
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pyramidal satructure of the aryltin radicals investigated
in this study can be explained in terms of a positive
inductive effect and in terms of ateric effects. The
methyl subsetituent in the para-tolyl compound should
donate electrons to the phenyl group through induction and
hyperconjugation. This type of electron donation, known
as the inductive effect, should reduce the electronega-
tivity difference of the tin-carbon bond and thereby
decrease the "S" character of the unshared electron.
Thueg, the para-tolyl radical should be less pyramidal <than

the parent phenyl radical.

The ortho-tolyl radical 1i1s calculated to have a
deeper pyramidal structure than the parent phenyl
radical. Although, the inductive effect in this radical
should be +the gsame a8 in the p-tolyl radicals, steric
hindrances offset the inductive effect. Steric factors,
caused by the methyl groups, may lead to angular variation
of the phenyl groups.' These angular variations will be
minimized by increasing the. hybrid orbital contribution,
which in turn increases the "S" character of the unpaired
electron. The increased "S" character is consistent with

a deeper pyramidal structure.
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The ESR apectra of the viasible light irradiated
triphenylin, triparatolyltin and +triorthotolyltin radical
have Gaussian line shapes and as deacribed earlier, con-
sist of four main features. In these compounds the g = 2
signala are dramatically changed by UV irradiation. In
addition, under UV irradiation two extra features are
obaserved for triparatelyltin and triorthotolyltin. These
regults are consistent with a model which assumes UV
degradation of triparatolyltin and triorthotolyltin radi-
cals and the simultaneous production of undertermined
radical species. The use of unfiltered UV radiation as a
method of radical generation will complicate the identi-
fication of the radical and, therefore, will complicate

the spectral analyses.

This observation 18 esgpecially 4important when
congidering alternate methods of aryltin radical genera-
tion which have been reported 1in the literature. of
particular concern are: (a) methods vhich use UV
photo-chemical production of t-butyl peroxide radicalas to
abatract protons from +tin hydrides in solution, (3, 7),
(b) the UV degradation of aryltin cyclopentadienyl to
aryltin radical and cyclopentadienyl radical, (12). It is
clear that undetermined radical species may be obtained in

each case, and therefore yield inacurate data.



APPENDIX A

I. Computer program for theoretical calculations

of triaryltin compounds.

A computer program was vwritten to compute
coupling constants, "S" character, "P" character, hybridi-
zation, ligand-tin-ligand bond angles and out-of-plane
bond angles for aryltin radicals of Cg3, symmetry. The
program uses equationa (29-37) section I1II, the position of
the satellite line and the observed field position of the
central 1line. This program wvas designed for use with a

color monitor, or a black and white monitor.

Input Statement
> The field position of the central line Hg,.

> The field position of the high-field satellite Hj..
> The field position of the high-field satellite Hj,y.
> The theoretical hyperfine splitting A.

> The theoretical anisotropic hyperfine splitting B;.

Output Statement

> Hyperfine splitting Aj.
> Hyperfine sgplitting Axy.

> Isotropic hyperfine splitting.

-133-



~134-

> Anisotropic hyperfine splitting.

> S-Character.

> P-Character.

> Total spin density.

> Hybridization.

> Interbond angle (ligand-metal-ligand).

> QOut of plane angle.

Program Listing:

>10

>20

>30

>40

>50

>60

>70

>80

>90

>100

color 0,2,1

CLS: KEY OFF :PRINT “"THEORETICAL CALCULATION OF
TRIARYLTIN COMPOUNDS"

PRINT "PROGRAM WRITTEN BY SOBHY EL-HEFNAWI,
3/86" : PRINT

PRINT "THE RADICAL’S NAME IS ":PRINT

INPUT *"ENTER THE FIELD POSITION OF THE CENTRAL LINE
HO: ", HO

INPUT "ENTER THE FIELD POSITION OF THE HIGH-FIELD
SATELLITE HLZ: ",HL1

INPUT T"ENTER THE FIELD POSITION OF THE HIGH-FIELD
SATELLITE HLXY: ", HL2

INPUT "ENTER THEORETICAL HYPERFINE SPLITTING A: ", A
INPUT T"ENTER THEORETICAL ANISOTROPIC HYPERFINE
SPLITTING BZ: ", B2

Cl=HL1-HO:C2=HL2-HO



>110

>120

>130

>140

>150

>l60

>170

>180

>190

>200

>2l10

>220

>230

>240

>250

>260

>270@

>280

>290

>300

>310

>320

>330

>340

=135~

Fl=2#HO
El=F1#C1:E2=F1+C2

Ri=F1-HL1:R2=F1-HL2

AZ=E1/R1:AXY=E2/R2

D=1/3#(AZ+2#AXY)

E=2/3#(AZ-AXY)

PRINT *HYPERFINE SPLITTING (AZ) = "AZ
PRINT "HYPERFINE SPLITTING (AXY) = "AXY
PRINT "ISOTROPIC HYPERFINE SPLITTING = "D
PRINT "ANISOTROPIC HYPERFINE SPLITTING = "E
F=D/A

G=E/BZ

I=F+G

H=G/F

PRINT "S-CHARACTER="F

PRINT "P-CHARACTER=" G

PRINT "TOTAL SPIN DENSITY= "I

PRINT "HYPERDIZATION = "H
X=1.5/(2+H+3)~-.5
PHI=1.570796-ATN(X/SQR(1-X*X))
Y=1/3#(1+2#C0S (PHI))

THETA=1, 570796-ATN(SQR(Y) /SWUR(1-Y))

PRINT *"INTERBOND ANGLE (LIGAND-METAL-LIGAND)=

PHI#180/3. 141593
PRINT "ANGLE BETWEEN SYMMETRY AXIS AND LIGAND BOND

" THETA*180/3.141593
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>35@ PTINT "OUT-0OF-PLANE ANGLE = "90-THETA+#180/3.141593

>360 Vs=INKEY:IF Vs=""THEN 360

>370 INPUT "DO YOU WANT TO TRY AGAIN (Y/N)"; AS:IF As="Y"
THEN CLS : GOTO 40

>380 COLOR 7,0,0:CLS:KEY ON:END

EXAMPLE

Input Statement
The field position of the central line Hy=3272 G

The field position of the high-field satellite H;=4117 G
The field position of the high-field satellite Hjyy=3913 G
The theoretical hyperfine splitting A= 15600 G

The theoretical anisotropic hyperfine splitting B;=3520 G

Output Statement
Hyperfine splitting A=2280 G

Hyperfine splitting Axy=1594 G

Igotropic hyperfine asplitting=1823
Anisotropic hyperfine aplitting=457 G
S-Character=0.117

P-Character=0.879

Total spin density=0.996

Hybridization=7.52

Interbond angle {(ligand-metal-ligand)=114.6

Out of plane angle=13.6
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II. Cowmputer program for theoretical calculation

of low-field satellite positions.

This computer program was written to calculate
the position of the lov-field signals. The program uses
equations 36-37, +the hyperfine splitting and the observed

field position of the central line.

Input Statement
> The field position of the central line Hg.

> The calculated hyperfine splitting A.

Qutput Statement
> The low-field satellite position.

Program Listing:
>10 Color 0,2,1

>20 CLS: KEY OFF :PRINT *THERETICAL CALCULATION OF
LOW-FIELD SATELLITE"

>30 PRINT "PROGRAM WRITTEN BY SOBHY EL-HEFNAWI, 3/86":
PRINT

>40 PRINT :INPUT "ENTER THE FIELD POSITION OF THE

CENTRAL-LINE HO: ", HO



>50

>60

>7@

>80

>9Q

>100

>110

>120

>130

>140
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PRINT INPUT "ENTER THE CALCULATED HYPERFINE
SPLITTING A: ", A

F=2+HO

P=A-HO

Q@=A-F

K=F#«P

HK=K/Q

PRINT "LOW-FIELD SATELLITE= "HK

VS$=INKEYS: IF Vs="" THEN 120

INPUT "DO YOU WANT TO CALCULATE ANOTHER ONE (Y/N)";
As:IF As="Y" THEN CLS :GOTO 4@

COLOR 7,0, 0:CLS:KEY ON :END

EXAMPLE

Input Statement
The field position of the central line Hg=3272 G

The calculated hyperfine gsplitting A=1594 G

OQutput statement

The low-field satellite position=2218 G

g
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III. Computer program for theoretical calculation

of hyperfine sgplitting.

This computer program wvas written to calculate
the parallel or perpendicular hyperfine splitting. The
program uses equationa 36-37, the field position of the
high-field satellite and the observed field position of

the central line.

Input Statement
> The field position of the central line Hg.

> The field position of the high-field satellite H.

Cutput Statement

> The hyperfine splitting A.

Program Ligting:
>10 Color 0,2,1

>20 CLS: KEY OFF :PRINT "THERETICAL CALCULATION OQOF
HYPERFINE SPLITTING"

>30 PRINT "PROGRAM WRITTEN BY SOBHY EL-HEFNAWI, 3/86":
PRINT

>40 PRINT :INPUT "ENTER THE FIELD POSITION OF THE

CENTRAL-LINE HO: ", HO
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>S50 PRINT :INPUT “ENTER THE FIELD

HIGH-FIELD SATELLITE HL: ", HL
>60 C=HL-HO
>70 F=2+HO
>80 E=F»C
>90 R=F-HL
>10@ A=E/R
>11@ PRINT :PRINT "HYPERFINE SPLITTING=

>120 Vs=INKEYS: IF V$=""THEN 120

POSITION

A

OF THE

>130 INPUT "DO YOU WANT TO CALCULATE ANOTHER ONE (Y/N)";

AS:IF As="Y" THEN CLS :GOTO 40

>140@ COLOR 7,0,0:CLS:KEY ON :END

EXAMPLE

Input Statement

The field position of the central line Hy=3272 G

The field position of the high-field satellite H1=3913 G

OQutput Statement
The hyperfine asplitting =1594 G
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