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FOREWORD

ApvaNces IN CHEMISTRY SERIES was founded in 1949 by the
American Chemical Society as an outlet for symposia and col-
lections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented,
their papers distributed among several journals or not pub-
lished at all. Papers are refereed critically according to ACS
editorial standards and receive the careful attention and proc-
essing characteristic of ACS publications. Papers published
in ApvANCES IN CHEMISTRY SERIES are original contributions
not published elsewhere in whole or major part and include
reports of research as well as reviews since symposia may
embrace both types of presentation.
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PREFACE

Organotin chemistry is among the very strongest areas in the inter-
disciplinary organometallic field. Basic studies in organotin chemis-
try are stimulated by the success with which a large number of modern
physical techniques can be applied to organotin compounds. Tin pos-
sesses, for example, two spin of one-half isotopes, tin-117 and tin-119,
which become important in nuclear magnetic resonance, 10 stable iso-
topes (the largest of any element) which allow the easy identification of
tin-bearing fragments in the mass spectrometer, one of the easiest to
record Mossbauer resonances from the tin-119m nuclide, and easily
assignable tin—carbon stretching frequencies in the infrared and Raman.
Tin has available two stable oxidation states—tin(II) and tin(IV)—with
contrasting chemistries, and a wide variety of structural types, which
among the tin(IV) derivatives alone encompass four-, five-, six-, seven-,
and eight-coordination at tin in neutral, cationic and anionic species,
with intra- and intermolecular association to give dimers and higher
oligomers with one-, two-, and three-dimensional lattices in the solid
state. The synthesis of fluxional and pseudorotating organotin deriva-
tives brings tin chemistry into the fourth dimension.

Equally important are the well-developed commercial applications
of organotin chemicals. Organotins have become a leading commercial
organometallic first through their use in poly(vinyl chloride) stabiliza-
tion, and now as biocides, where their success is based upon their ex-
tremely high performance/unit weight ratio and their degradation by
chemical action into non-toxic inorganic tin compounds. Today organo-
tins are used widely as agricultural fungicides and miticides, industrial
biocides and surface disinfectants, and as anthelminthics and marine anti-
fouling agents. Industrial production of organotins now exceeds 25,000
tons per year in the free world with a selling price of over $150 million.

This volume brings together a group of American and European
scientists working on different aspects of the organotin field. These
include leading figures of organotin chemistry along with younger inves-
tigators working actively in this exciting area. Chemists from industrial
and governmental as well as academic laboratories are included, and
both basic and applied research is discussed. Although the organometallic
aspects of tin chemistry are well represented in the contents, the biologi-
cal effects of organotin compounds are also stressed. Because of the
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delays imposed by correspondence with overseas authors, some of the
logical sequencing of chapters was sacrificed for speed in production.

My own contribution to the symposium program, entitled “Organic
and Organometallic Derivatives of Tin(II),” was delivered in New York
City. The talk described the efforts in our research group over several
years in the synthesis and spectroscopic study of carbon-containing com-
pounds of tin in its subvalent state. My intention of subsequently pre-
paring a manuscript for inclusion in this volume, however, went awry in
my relocation from the State University of New York at Albany to the
University of Oklahoma to take up the chairmanship of the Department
of Chemistry. Rather than see the volume delayed to include my late
contribution, I shall instead content myself to bask in the reflected glory
of its international team of authors.
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Organotin Chemistry: Past, Present, and
Future

G. J. M. van der KERK
Organic Chemistry Institute, TNO, Utrecht, The Netherlands

A review is given of the development and of the present scope
or organotin applications. The striking versatility of these ap-
plications is emphasized, and it is concluded that the two main
application fields of organotin compounds, viz. as PVC stabi-
lizers and as agricultural and general biocides, are likely to ex-
pand considerably in the future. The simultaneous and im-
pressive development of fundamental organotin chemistry has
been illustrated by stressing one particular aspect, viz., organo-
tin hydride chemistry.

t Utrecht we have been engaged since 1950 in an explorative pro-
gram of organotin research in close cooperation with the International Tin
Research Council and the Tin Research Institute at London. From the beginning,
this program aimed at a dual approach; the simultaneous development of fun-
damental organotin chemistry and a search for new applications of organotin
compounds.

Tin as a metal—either as such or in the form of alloys—and in its chemical
compounds, has an astonishing amount of usefulness. Characteristically, in the
majority of its applications, only small amounts of tin are needed to see its effect.
This is generally true for the organotin compounds which, during the past 25
years, have developed into extremely important industrial commodities. A
further characteristic of tin is that it is unsurpassed by any other metal in the
multiplicity of its organic applications. These involve such widely divergent
fields as stabilizers for polyvinyl chloride, industrial catalysts, industrial and
agricultural biocides, and wood-preserving and anti-fouling agents to mention
only the most important applications. A third characteristic of tin, particularly
true for the organotin compounds, is that in each of its present organic applications
it has to compete with quite different materials, either old or new. However
important the present-day organotin applications may be, it should be realized
that so far no single large-size application has been found in which a particular
type of organotin compound is absolutely unique as is, for instance, true for the
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lead tetraalkyls as anti-knock agents. This implies that cost/performance rela-
tions are and will remain of paramount significance for the continuation of the
present and the development of future organotin applications.

The final cost of using organotin compounds depends strongly on the price
of tin, but other costs, among them manufacturing costs, are significant. Since
the industrial chemist has to accept the price of tin as it is, he has only two means
at his disposal for making organotins competitive for any given application: (a)
to find the most satisfactory process for manufacturing the required compound,
and (b) to establish what particular compound gives optimal performance in any
given application.

The first organotin compound was prepared by Frankland in 1849, and from
that start organotin chemistry developed as a regular, though not very exciting,
research subject for almost 100 years. This is very evident from the relevant
chapter in Krause and Von Grosse’s monumental book of 1937 “Die Chemie der
Metall-Organischen Verbindungen.”

In retrospect, the patents granted in 1940 and 1943 to V. Ungve (12), de-
scribing the utility of certain dialkyltin derivatives as heat stabilizers for PVC,
were a landmark, although their full industrial significance did not become ap-
parent until 10 to 15 years later. When we started our systematic organotin
program at Utrecht in 1950, the annual industrial world production of organotin
compounds was less than 50 tons. In 1960 it was 2000 tons, in 1965, 5000 tons,
and in 1969 it had risen to about 14,000 tons. For 1975 a production of 25,000
tons, with a selling value of around $150 million, may be a conservative esti-
mate.

Simultaneous with the enlargement and extension of organotin applications,
new and improved methods have been developed for the industrial manufacture
of the required types of organotin compounds. The Utrecht work has contributed
substantially to the present practical significance of quite a variety of organotin
compounds. In addition, our group has been actively engaged in further de-
velopment of fundamental organotin chemistry. This paper reviews, in a con-
densed form, the manufacturing processes and the established applications of
organotin compounds. A few cautious predictions are ventured as well. In
addition, I intend to recall a few important fundamental developments in orga-
notin chemistry since 1950 and to deal with one particular aspect in some detail,
viz. organotin hydride chemistry. This choice is justified by two considerations.
First, the field has been opened at Utrecht and was next extended both in Utrecht
and elsewhere to one of the most fertile research areas in organotin chemistry.
Secondly, one of the chapters in this book deals with the synthesis of novel sub-
stituted alkyltin halides in which the formation and reactivity of tin-hydrogen
bonds play an essential part. According to the authors, R. E. Hutton and V. Oakes
(Chapter 8), the compounds obtained have considerable industrial potential as
new types of PVC stabilizers. I felt particularly challenged by this relationship
between an originally purely fundamental approach and what may become a
significant new applicational development.
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1. VAN DER KERK Past, Present, and Future 3

A few preliminary remarks can be made regarding the toxicity problems
connected with the applications of organotin compounds. In this respect I shall
not deal with toxicology proper (3). The several basic types of organotin com-
pounds (R4Sn, RsSnX, ReSnXy, and RSnX3), as well as the inorganic forms of tin
(SnX3 and SnX4) represent a toxicity pattern of great divergence. Under practical
conditions the inorganic tin compounds are known to have very low to negligible
toxicity. For organotin compounds, great differences exist between the basic
types but also with regard to the nature of R. It is generally accepted that the
basic types of organotin compounds are subject to the following generalized
pattern of physical, chemical, and/or biochemical degradation

R4Sn — R3SnX — RySnXy — RSnX3 — SnX,4 or SnXy, respectively

which ultimately leads to inorganic forms of tin. Until recently, there was very
little direct evidence for the actual course and rates of such degradation processes
under environmental conditions. The overall toxicity picture for any compound
is, however, dependent both on its own toxicity and on the toxicity of the deg-
radation products formed under the conditions of its application. To fill this gap,
a joint program was started some years ago at the Institute for Organic Chemistry
TNO at Utrecht under the final responsibility of the Tin Research Institute. This
program—the Organotin Environmental Project or ORTEP—is supported by
about 10 major organotin-producing companies all over the world.

The Manufacture of Organotin Compounds

So far, the structural types RsSnX and RySnX, comprise the largest part of
practical organotin applications, those of the type RSnX3 being much smaller.
The compounds R4Sn are scarcely used as such but are important industrial in-
termediates in the manufacture of the other types. In industrial manufacturing
processes, X stands for chlorine which in the compounds used in practice is re-
placed by a variety of other substituents, but I shall not deal in detail with these
structural variants. As far as practical applications are concerned, R mostly
denotes simple, unsubstituted alkyl or aryl groups. '

Four methods are in current use for the manufacture of the basic products,
three of which—the old Grignard process or its Barbier version, the newer al-
kylaluminum process, and the much less important modified Wiirtz process—
all lead to compounds R4Sn:

SnCl4 + 4RMgCl — R4Sn + 4MgC12
3SnCly + 4R3Al — 3R4Sn + 4AICIg

SnCl, + 4RCl + 8Na — R4Sn + 8NaCl
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A second step, the disproportionation reaction with SnCly, is required to convert
these into the practically important organotins with a lower degree of organic

substitution:
R,SnCl
SnCl,
R,Sn —-E R,SnCl,
“RSnCl,

The so-called direct reaction allows the one-step preparation of compounds

R2SnX; but this process is restricted to compounds of that type and to R =
alkyl:

Sn + 2RX — RgSnXo

This, of course, represents an example of an oxidative addition reaction in
which tin, in the oxidation state zero is transformed into an organotin(IV) species
(presumably via the highly reactive oxidation state two). For phenyltin com-
pounds, so far only the Grignard route is available. Both the Grignard and the
alkylaluminum process are carried out on a large scale, a characteristic of the latter
process being that it is only practical for primary manufacturers of trialkylalu-
minum compounds.

Because of the considerable recent growth of the dialkyltins for PVC sta-
bilizers, there has been a strong industrial interest during the past five years in
the direct reaction. For the higher alkyls (butyl and octyl) this reaction requires
specific catalysts, e.g., quaternary ammonium or phosphonium salts 6r inorganic
antimony compounds to lower the reaction temperature and thus to avoid ex-
tensive dehydrohalogenation. In Utrecht it was found that certain organoanti-
mony compounds allow the conversion of metallic tin with butyl or octyl chloride
into compounds RySnCl, with yields of over 90%. A more recent development
is the introduction of dimethyltin compounds as PVC stabilizers. For the
manufacture of dimethyltin dichloride, the direct reaction between tin and
methyl chloride is the method of choice. The reason is, of course, that here much
higher reaction temperatures can be used, and complex catalysts are not required
since the dehydrohalogenation is much less important and the tin-carbon bond
in methyltin compounds is very thermostable.

During the past years a certain interest has developed in monoalkyltin
compounds as synergists for the usual dialkyltin PVC stabilizers. Although
monoalkyltins can be made from R4Sn by way of redistribution, tri- and dialkyltin
chlorides are inevitable side products. In Utrecht a very convenient oxidative
addition reaction has been developed for the manufacture of monoalkyltin tri-
halides in high yields:

SHClz + RX —> RSnC12X X = Cl, Br

catalyst

R3Sb R = alkyl (C;-Cy5s)

In Organotin Compounds: New Chemistry and Applications; Zuckerman, J.;
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A highly intriguing synthetic development is reported in this volume by workers
of Akzo Chemie U.X. Ltd. At the same time, this development could mean an
important extension of the range of available PVC stabilizers with the so-called
estertins. Clearly, it is suggested that conditions have been found to form the
elusive chlorostannanes HSnClz and HySnCl, and to bring these into reaction
with activated olefins, e.g.:

HsSnClp + 2CH;=CH—COOR — (ROOCCH2CHy)sSnCl,

Although this type of compound has been prepared by Noltes about 20 years ago
as follows:

(nC3H7)2SnHy + 2CH;=CHCOOCH;3 — (nCgH7)2Sn(CH2CH2COOCH3),

(nC3H7)2SH(CH2CchOOCH3)2 + Bl'2 g
2nC3H7Br + (CH3OOCCH2CH2)2SDBI'2

his method could, of course, never have developed into an industrially attractive
process or product.

Applications of Organotin Compounds

At present the following applications—arranged according to diminishing
commercial importance—are well established:

(a) Stabilization of PVC by dialkyltin and, to a much lesser extent, by
mono-alkyltin compounds.

(b) The use of tributyltin compounds, in particular tributyltin oxide TBTO,
as industrial biocides in materials protection and as surface disinfectants.

(c) The use of triphenyltin compounds and of tricyclohexyl- and trisneo-
phyltin compounds as agricultural fungicides and as agricultural acaricides, re-
spectively.

(d) A number of smaller and quite diverse applications in which all types
of organotin compounds are involved.

These application fields will be briefly reviewed in this sequence.

Use of Organotin Compounds as PVC Stabilizers. During the past 15
years the growth of PVC manufacture has been phenomenal: in 1962 the annual
world production was 0.5 million ton, and in 1972 this figure had increased to
7.5 million tons. In addition, there has been a shift from flexible to rigid PVC
products, the latter requiring much higher processing temperatures. There is
a consensus that dialkyltin compounds are the best general-purpose stabilizers
for rigid PVC especially if colorlessness and transparency are required. Growth
of organotins has been particularly strong in PVC for packaging films and bottles
and for roofing.

Early development, based on the original work of Yngve, was in dibutyltin
compounds. Tremendous efforts were made in improving the overall perfor-
mance through variation of the groups bound to the dibutyltin moiety. Via the
dilaurate, the maleate and several other variations, the present peak was reached

In Organotin Compounds: New Chemistry and Applications; Zuckerman, J.;
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in certain mercapto derivatives, particularly those derived from the octyl and
isooctyl esters of thioglycolic acid.

In 1957 Luijten and Pezarro (4), on the basis of results of Kaars Sijpesteijn
regarding the biocidal activity of tri- and dialkyltin compounds, proposed di-
n-octyltin compounds as PVC stabilizers with anticipated mammalian non-
toxicity. The dioctylins were found to be excellent stabilizers and their non-
toxicity was proved by Barnes in Great Britain and by Klimmer in Germany.
During the past 10 years there has been a selective growth of the dioctyltins,
particularly in PVC for food-packaging purposes.

More recently another class of dialkyltin compounds, the dimethyltins, has
made its appearance on the stabilizer market. Because of their extreme ther-
mostability the dimethyltin stabilizers allow the use of high working temperatures
and concomitant high working speeds which is of particular advantage in the
manufacture of PVC pipings, bottles, and films. On the basis of the simple direct
manufacturing process discussed above and of reported excellent performance,
it is claimed that the application of dimethyltin stabilizers has economic advan-
tages. If this is true and if the toxicological and environmental properties of the
dimethyltins are acceptable, it would seem that these compounds are a valuable
extension of the earlier PVC stabilizers.

An important recent development is based on the observation that the ad-
dition of small amounts (5-10%) of monoalkyltin derivatives to the usual dialkyltin
formulations has a synergistic effect on stabilizing effectiveness. A particular
effect of the monoalkyltins, though generally far less effective stabilizers than
the dialkyltins, seems to be the prevention of so-called early yellowing. Such
synergistic mixtures thus allow the manufacture of PVC articles of perfect co-
lorlessness and clarity. The newest stars in the stabilizers sky are the estertins,
a subject covered in Chapter 9 by E. L. Weinberg.

The Use of Tributyltin Compounds as Biocides. The use of tributyltin
compounds, particularly bis(tributyltin)oxide, as biocides is presently a wide-
spread and strongly expanding field of applications which stems entirely from
early work at Utrecht by Luijten and Kaars Sijpesteijn. The original work, started
in 1950, pointed primarily to the high antifungal and antibacterial activities of
certain triorganotin compounds, particularly tributyl- and triphenyltin deriva-
tives, but the much wider implications were immediately recognized (5, 6). The
present broad applications of TBTO as an industrial biocide, in materials pro-
tection, as an antifouling agent, and as a surface disinfectant will be reviewed
briefly. Some other types of biocidal triorganotin compounds are finding their
main outlet in agricultural applications and will be discussed in the next sec-
tion.

The main uses of TBTO now comprise wood preservation, antifouling, and
the disinfection of circulating industrial cooling water. Until recently, there was
an annual world use of around 12,000 tons of mercury in the form of organo-
mercurials for a multitude of biocidal applications. These applications are now
under hard scrutiny and will have disappeared completely within a few years.
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Except for the agricultural uses, several other applications of organomercurials
may be partly taken over by TBTO in the near future.

Among the first publications on the preservation of wood against fungal
attack by means of triorganotin compounds were those of Hof and Luijten (TNO)
(7) and of Fahlstrom (8). Since then, wood preservation using TBTO as or among
the active ingredients has become common practice. Tributyltin compounds
are characterized by their high activity and broad antifungal spectrum. Their
leachability by water is extremely low and they have the advantage of being
colorless and non-corrosive. Amounts of 0.5-2 kg of TBTO per m® of wood are
quite effective not only against fungal decay but against the attack by marine
borers as well: shipworms (Teredo) and gribble (Limnoria). Much higher
concentrations are required to protect wood against wood-boring insects such
as the common furniture beetle and particularly termites, and here combinations
with other active ingredients like insecticides are required. An excellent review
on TBTO-based wood preservatives has been given by Richardson at the 1970
Annual Convention of the British Wood Preservers Association (9).

The low aqueous leachability of TBTO is attributed to its high affinity for
cellulose in particular. Asa consequence, however, its lack of penetration into
deeper layers of the treated wood poses some problems. To a certain extent, these
have been solved by special impregnation techniques and also by combining
organotins with other biocidal agents that have better penetrating properties.
During the past few years our group at Utrecht, in cooperation with the Wood
Research Institute TNO at Delft, has developed a different approach. The hy-
drocarbon-like compound hexabutylditin(BugSnSnBug) which is very soluble
in non-polar hydrocarbon solvents was found to have much better wood-pene-
trating properties than TBTO and an equal wood-preserving capacity. We
believe that hexabutylditin offers considerable promise as a new wood-preserving
agent provided that a satisfactory method can be developed for its technical
manufacture.

Triorganotin compounds, in particular TBTO and tributyltin fluoride, are
finding increased use in marine antifouling paints. An important factor is the
leaching rate of the active ingredient which must be low enough to give long-
range protection and yet allow the active agent to be released in sufficient con-
centration. An interesting development realized by Cardarelli (B. F. Goodrich)
(cf. 10, 11)is the incorporation of TBTO in elastomeric coatings based on natural
or nitrile rubber. The rationale behind this development is that such coatings
may be made much thicker than coatings of antifouling paints. The reservoir
of toxicant is thus enlarged, and a much longer fouling-free lifetime is reached.
A prerequisite is, of course, a sufficient rate of migration of the toxicant within
the elastomeric coating. This rate is very dependent on the nature of the anionic
substituent in the compounds BusgSnX, TBTO giving the best performance. A
growing application is the use of TBTO for slime control in paper mills which
until recently was dominated by the organomercurials. The amount of TBTO
added to the mill water may be very small since only incomplete inhibition of
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microbial growth needs to be achieved. Higher concentrations of TBTO are
being applied in recirculating cooling water or in water for the secondary recovery
of oil.

Another interesting application where organotins may replace organo-
mercurials is paint preservation, although a few complications have to be resolved.
For instance, the antimicrobial spectrum of triorganotins, though considerable,
is not so wide as that of the organomercurials. To reach an equivalent degree
of protection, new formulations have to be developed which, in certain cases,
must contain other active ingredients as well. One notable deficiency of TBTO
is its modest activity against gram-negative bacteria. It has been found in Utrecht
that tripropyltin compounds have a wider antibacterial spectrum and are rather
active against gram-negative bacteria as well.

Potentially very important is the use of TBTO and of triphenyltin com-
pounds in fighting the vector of the wide-spread and very debilitating tropical
Bilharzia disease. These compounds are highly active against the snails which
serve as intermediate hosts for the parasitic worms causing the disease. In this
application, vast volumes of surface water must be supplied with continuous but
extremely low concentrations of the triorganotin compounds (far below 1 ppm).
Here again a breakthrough may have been achieved by incorporating the or-
ganotin compounds into small rubber pellets which secrete the active compound
continuously in the very low concentrations required (Cardarelli, B. F. Goodrich)
(12). In this way it might be possible to cope with the high fish toxicity of these
organotins.

A modest but important use of certain tributyltin-containing formulations
is in hospital and veterinary disinfectants. Similar formulations are applied to
protect textiles against fungal and bacterial attack, both in the industrial and the
hygienic sector (sanitizing). In reconsidering the biocidal properties of TBTO,
one cannot get away from the conclusion that its biocidal applications are likely
to expand strongly in the future both as a result of extending present uses and of
developing new ones. Much will depend here on the outcome of the work within
ORTEP concerning the metabolic fate of organotin compounds under environ-
mental conditions.

The Agricultural Applications of Organotin Compounds. Our original
observations regarding the very high antifungal activity of the lower trialkyltin
and the triphenyltin compounds raised the expectation that these compounds
might be generally useful protectant agricultural fungicides. Because of their
broad antifungal spectrum it was anticipated that they would be suitable to
combat a variety of fungal plant diseases. This expectation has not been real-
ized.

Independent work of Hirtel (Farbwerke Hoechst, Germany) (13, 14) has
shown that in the laboratory, trialkyl- and particularly tributyltins are better
fungicides than triaryltin compounds but that the reverse is true in the field. This
has been ascribed to the lower stability and the higher volatility of the former.
Moreover, triaryltin compounds are less phytotoxic than trialkyltin compounds.
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The final result has been that now certain triphenyltin formulations—containing
either triphenyltin hydroxide or acetate—have become important agricultural
fungicides. Their importance is not connected with their general usefulness but
with their specific effectiveness against two economically important plant diseases
viz. late blight of potatoes caused by Phytophthora infectans and leaf spot in
sugar beets, caused by Cercospora beticola. In these applications they have al-
most completely ousted the formerly dominating inorganic copper compounds.
Later on it was found that also a number of important tropical plant diseases, viz.
those in coffee, rice, ground nuts, banana and pecan can be controlled success-
fully.

A further extension of the triphenyltin compounds as agricultural fungicides
was found in their combination with manganese ethylenebisdithiocarbamate
(Maneb). A particular advantage of triphenyltin formulations is that so far no
development of field resistance has been observed. The problem of toxic residues
from field sprays with triphenyltin compounds has been very thoroughly in-
vestigated. An important feature is the relatively short half life of these com-
pounds on the foliage under field conditions (3-4 days). Moreover, the com-
pounds do not penetrate into the plant and their action is thus purely protec-
tive.

Another agricultural development of great potential interest is based on the
more recent observation that certain rather unusual triorganotin compounds have
considerable acaricidal activity. Well known at present is the compound tri-
cyclohexyltin hydroxide developed by Dow Chemical Co. and M & T Chemicals.
This compound is very effective against spider mites in fruit orchards and has
been found to act as well against varieties of spider mites which had developed
resistance toward the usual acaricides based on organic phosphorus compounds
and carbamates. Another promising compound with a similar application field
is marketed by Shell. It is the tris(neophyl)tin oxide:

CH,

(Or-t—on)ow

CH;

In summary, it may be said that the agricultural applications of organotin
compounds so far are restricted to a comparatively small, though very important,
number of plant diseases and pests. Moreover, on the basis of the more recent
developments and because tin compounds in several cases are fully active against
resistant varieties, it may be expected that a further modest growth of the uses
of organotins in agriculture is likely.

Miscellaneous Applications. In addition to the main fields of application
discussed so far, there are a number of quite divergent uses of organotin com-
pounds. Although the total tonnage involved may be modest, these uses illustrate
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in an impressive way the versatility and the potential of organotin applications.
I shall briefly discuss these uses on the basis of the types of organtin compounds
involved, in the sequence R4Sn, R3SnX, ReSnXs, RSnXs.

R4SN.  Contrary to what is true for lead, the tin compounds of this type so
far have attained only very modest commercial importance. The old application
of tetraphenyltin as a heat stabilizer for polychlorinated aromatics used as
transformer oils is no longer of practical importance. An interesting use, both
of tetraalkyltins and of tetraphenyltin, is still the one indicated in 1958 by Carrick
(15). These compounds in combination with aluminum chloride and certain
transition metal chlorides (e.g., VCl4 or TiCly) yield extremely active catalytic
systems for the polymerization of ethylene and other alkenic compounds. The
tin compounds act in situ as alkylating agents for aluminum chloride, and in using
such systems the separate handling of the extremely susceptible and hazardous
organoaluminum compounds is avoided. It should be realized that the interaction
of compounds R4Sn with aluminum chloride results in the formation of partially
alkylated aluminum compounds RAICl; and R2AIC], never in the fully alkylated
species RzAl.  As a consequence, in the catalytic systems under .consideration,
transition metals should be present which exert their maximum catalytic activity
in combination with incompletely alkylated aluminum species.

R3SNX. There is not much to add to what has already been said about this
type of compound which so far has only found biocidal applications, but this is,
of course, a field widely open for extension and expansion.

RySNXo. This class of compounds, in addition to their main use as PVC
stabilizers, exhibits an astonishing variety of quite different applications which
are not very large but nevertheless significant. An old use of dibutyltin dilaurate,
in particular in the USA, is the treatment of chickens as a cure against intestinal
worm infections. One application of about 100 mg is sufficient. Although it
seems that this use is now declining, around 1960 it involved an annual con-
sumption of about 150 tons of dibutyltin dilaurate. The compounds RySnX find
extensive use as catalysts and as components of catalytic systems. Most important
is the application of certain dibutyltin compounds as catalysts in the manufacture
of flexible polyurethane foams and in the cold-cure of silicone rubbers. Other
potential applications under this heading are the uses as esterification catalysts
and as catalysts in the curing of epoxy resins.

An interesting application is the use of dimethyltin and dibutyltin dichloride
in the surface treatment of glass. The compounds are vaporized, and the vapor
is brought into contact with the hot glass surface to form a thin and transparant
layer of SnO,. Very thin layers considerably improve the resistance of the glass
surface against abrasion and chemical corrosion. Somewhat thicker layers give
surface heat-reflectance properties. Still thicker layers are electrically con-
ductive, and the treated glass can be used for window heating. Very thick layers
give decorative iridescence.

RSNX3. Outside of PVC stabilization, no practical applications have been
realized for this class of compound. Many years ago we suggested, on the basis
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of very encouraging experiments, their use as waterproofing agents for paper,
textiles, and, remarkably, for brick walls (16), but so far no practical applications
have evolved in this respect. Interesting and rather surprising is the claim, made
in a recent patent application by Albright and Wilson (17), that monobutyl- and
monooctyltin compounds are effective wood preserving agents notwithstanding
their negligible in vitro antifungal activity. It issuggested that these compounds
effectively block places within the wood which are vulnerable to fungal attack.
Now that a very convenient synthesis for this type of compound is available, al-
lowing a wide variation of the alkyl group, it would seem that a closer study of
their possibilities is justified.

Conclusion

I have attempted to impress on the reader a few applicational aspects of
organotin chemistry which are somewhat alien to the average academic worker
in the field of organometallic research. In Utrecht we have tried to balance the
fundamental and the applied aspects; in fact, we have always aimed at integrating
these into one approach. The second part of my paper deals with a few funda-
mental developments in organotin chemistry since 1950.

Some Aspects of Fundamental Organotin Chemistry Since 1950

Since about 1940 and especially since 1950 an enormous activity has been
going on in the field of organometallic and coordination chemistry. For tin, this
revival of interest started in 1950 and today organotin chemistry is one of the most
intensively explored areas of main-group organometallic chemistry. In the
foregoing I have emphasized the multiplicity of the practical applications of
organotin compounds. To do justice to the variety and importance of funda-
mental organotin developments is virtually impossible. Many of these devel-
opments will be coverd in depth in this volume and, as a consequence, there is
little reason for me to review the whole field in a shallow way. Rather, I prefer
to select just one subject that follows.

The Versatility of Organotin Hydride Chemistry. The selection of this
subject as a representative research theme in organotin chemistry involves some
pride. The extremely fruitful field of organotin hydride chemistry was started
at Utrecht in 1955 by J. G. Noltes. Although the several types of organotin hy-
drides and even stannane, SnHy, had been described early in this century, a really
suitable synthesis did not become available before 1947 when Schlesinger et al.
(18) introduced lithium aluminum hydride as an agent for reducing organotin
halides to the corresponding hydrides. In his exploration of the synthetic
possibilities of these compounds, Noltes discovered the following types of reactions
(cf. 16):

bo d(a) The addition of tin-hydrogen bonds to carbon—carbon double and triple
nds
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RsSnH + CH;=CH—R’ — R3Sn—CHy;—CHy—R’
R3SnH + CH=C—R’ — RsSn—CH=CH—R’

This type of reaction, which was later extended to include unsaturated carbon-
hetero atom and hetero-hetero atom bonds, is now generally known as hydro-
stannation.

(b) The reductive cleavage of carbon-halogen bonds
RsSnH + R’X —> R3SnX + R’'H
X = halogen
Also this reaction was found later on to be much more general:

—Sn—H + A—B — —Sn—A + HB

A-B may a.o. represent a metal-element bond. Reactions of this type are hy-
drostannolysis.

(c) The catalytic decomposition of tin-hydrogen bonds by amines with the

formation of tin-tin bonds.
2R3$HH ——>R35n——SnR3 + H;,
amines

These basic observations caused widespread interest and activity in organotin
hydride chemistry until the present day when many groups are engaged in this
subject. In this section I deal in particular with some aspects of hydrostannation
and hydrostannolysis reactions. In the hydrostannation reactions a free-radical
mechanism predominates, but ionic mechanisms have been established as well.
For the hydrostannation of non-activated or weakly activated carbon-carbon
double bonds, Neumann et al. (cf. 19) and Kuivila et al. (cf. 20) arrived at the
following free-radical chain mechanism:

RsSnH + R”. — R;Sn. + R”H

R,Sn. + SnR,—C—C—H

H R
B adduct

In Organotin Compounds: New Chemistry and Applications; Zuckerman, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1976.



Publication Date: June 1, 1976 | doi: 10.1021/ba-1976-0157.ch001

1. VAN DER KERK Past, Present, and Future 13

The almost exclusive formation of terminal 8 adducts depends on the relative
stabilities of the free radical intermediates I and II.

In Utrecht, Leusink (21, 22) proved that the hydrostannation of activated
carbon-carbon double bonds follows a different course, e.g.:

R;SnH + CH,=CH—CN — CH;—CH—CN + R;SnCH,.CH,—CN

acrylonitrile adduct
SnR, ﬁ

o adduct

He demonstrated that, as in the former case, the 8 adduct is formed by a free
radical mechanism but that the formation of the a adduct involves an ionic
mechanism. The rate of formation of the « adduct, but not of the 8 adduct,
increases strongly with increasing polarity of the solvent; the presence of radical
initiators selectively promotes the formation of the 3 adduct. The rate of the
jonic hydrostannation is also strongly dependent on the nature of R with both
electronic and steric factors playing a part. Altogether, the observed facts are
in accord with a nucleophilic attack of the organotin hydride hydrogen on the
8 carbon atom as the rate-determining step in the ionic reaction:

A
H,C===CH—CN
R,SnH + H,C=CH—CN — | H'Y —
slow N
SnR,
— RSn* + HC—CH—CN — HC—CH—CN

SnR,
a adduct

Similar results were obtained in the study of the more complicated hydrostan-
nations of substituted acetylenes (23, 24), but these will not be discussed here.

The studies of Leusink (23, 24) have shown that hydrostannation may follow
exclusively an ionic mechanism (e.g., with iso(thio)cyanates or with strongly
electrophilic acetylenes), a combination of an ionic and a radical mechanism (e.g.,
with strongly electrophilic alkenes and electrophilic acetylenes), or exclusively
a radical mechanism (e.g., with nucleophilic acetylenes and nucleophilic or
weakly electrophilic alkenes).

In contrast, studies at Utrecht of Creemers (25, 26, 27) showed that with very
few exceptions hydrostannolysis reactions follow an ionic course, in which the
organotin hydride hydrogen acts as an electrophile, e.g.:
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st 5
R,SnH + R'3Sn—N< — R’;;Sn—l?l< —
5t H
i
6 ISnR.J
transition state

+ _
’ ~ ’ v

— N + R. — .S +
Rign—N + Rn — RiSnSnR, + HN

In a somewhat simplified form the transition states in the ionic reactions of tin-
hydrogen bonds can be pictured as follows:

Rt o R o
R;Sn--—H--mE R—Sn---H---N
R "

E = an electrophile
N = a nucleophile

In the ionic reactions of organotin hydrides the importance of these transition
states is not only determined by the nature of E and N, but by the electron-do-
nating or -attracting properties of the substituents R at the tin atom as well. It
could be demonstrated that in these reactions hydrogen transfer is the rate-de-
termining step. Both hydrostannation and hydrostannolysis reactions have led
to interesting developments, a few of which will be discussed.

Some Reactions Involving Hydrostannation. Hydrostannation has al-
lowed the preparation of a great variety of functionally-substituted organotin
compounds in which the functional groups are placed either in « position or in
£ position or beyond with regard to the tin atom. Starting from mono-, di-, or
trihydrides, mono, di, or trifunctionally-substituted organotin compounds were
obtained. The scope of these reactions could be widened considerably since the
functional groups placed in 8 position or beyond proved accessible to a variety
of nucleophilic secondary reactions without cleavage of the tin-carbon bonds.
A few examples may illustrate these possibilities:

, R,SnCH,CH,CH,NH,
LiAlH,
Sr—on—ov > RiSnCH.CH,ON— o
— g " > R,SnCH,CH,—C—CH,
R,SnH- (")
) i RiSnCH,CH.CH,0H
R,SnCH,CH,COOCH, | ' CH,

.
CH,=CH—COOCH,

CH, Mgl
| Bl L

Ho R;SnCH,CH,—C—OH

CH,

In Organotin Compounds: New Chemistry and Applications; Zuckerman, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1976.



Publication Date: June 1, 1976 | doi: 10.1021/ba-1976-0157.ch001

1. VAN DER KERK Past, Present, and Future 15

The 1:1 reactions of organotin dihydrides with bifunctionally-unsaturated organic
and organometallic molecules provided a synthesis of a variety of organotin
polymers and tin-containing ring compounds. In particular the latter are of
interest.

The 1:1 reaction of diphenyltin dihydride with divinylorganometallics af-
forded the novel 1-stanna-4-sila- and 1-stanna-4-germanacyclohexane ring sys-
tems (28):

Ph\ 7\ /Ph
Ph,SnH, + Ph,M(CH==CH,), — Sn M
. — \pp
(M = Si, Ge)

From diphenyltin dihydride and phenylacetylene a 1,3,5-tristannacyclohexane
derivative was obtained (29).

H\ /Ph .

3Ph,SnH, + 3HC=C—Ph — 3 C=C
PhZSnH/ \H
trans adduct
N\
CH2 th
Sn
Ph,Sn  )—CH.Ph
Sn
CH, Ph
Ph

a 1,3,5-tristannacyclohexane
not (as might be expected):

Ph
H._,/C—C\H
PhZS\n SnPh,
HC—CH,

Ph
a 1,4-distannacyclohexane

Particularly interesting ring compounds were formed in the reactions of dialkyl-
and diaryltin dihydrides with organic dienes and diynes (30).

RING COMPOUNDS FROM O-DIVINYLBENZENE AND FROM O-DIETHYN-
YLBENZENE

CH==CH,
C( + R,SnH, —> polymer + 2 ring oligomers

CH=CH,
o-divinylbenzene
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R R
\.”
Sn
CH,—CH
QT
PN
CH,—CH, R
1:1 adduct Sn
seven-membered ring / \.
a benzotetrahydrostannepin R R
2:2 adduct
14-membered ring
H
2 C
C/
<I + R,SnH, — polymer + 2 ring oligomers
C,
\C
H

o-diethynylbenzene

R R
\Sn/
I
O,
n
=/ \p
1:1 adduct l
Sn
7\

seven-membered ring
a benzostannepin

2:2 adduct
14-membered ring

A fascinating development, also from a theoretical viewpoint, was the conversion
of 3,3-dimethyl-3-benzostannepin into a cyclic boron compound, 3-phenyl-3-
benzoborepin (31):

~ /CH3 ~
Sn + PhBCl, — Me,SnCl, + B—Ph

3,3-dimethyl-3-benzostannepin 3-phenyl-3-benzoborepin

This compound contains, in a seven-membered ring, three conjugated double
bonds and an electron sink. It thus obeys Hiickel’s closed shell (4n + 2) rule for
aromaticity, being isoelectronic with the benzotropylium cation. In fact, 'H
NMR and UV spectroscopic measurements clearly indicated aromatic character
for this novel ring system which more recently could be confirmed by theoretical
calculations using the simple Hiickel-MO method (32). This aromatic character
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followed from the UV spectra connected with the following reaction equilibrium

(Figure 1):
+ HNMe, = /Ph
Op—pn — B
-HNMe, — \NHMez
aromatic i
- non-aromatic
sp*-hybridized sp*-hybridized
boron boron
_ — iB-Ph
Ph
_ =\B/
| :/
| New
| N N
E ‘\ [ Me Me
| [0
I L '»\:W
| [ V'
\ o
\ N
\ I, ‘. .
\ / v
L " !\
\ .‘l l‘
X 1
. \ /:'-.\ |
N AVAEESY
N\ Voo
NIRRT ¥
N ~_——l -~
T T B T
200 250 300 350 400

— 4 (nm)

Figure 1.

UV spectra of a solution of S;I)henyl—&ben-

z0borepin in cyclohexane (solid line and dotted line);
excess dimethylamine (dashed line).

The solid line represents the spectrum of a solution of 3-phenyl-3-benzoborepin
in cyclohexane. The addition of an excess of dimethylamine causes a profound
change (the striped line). All specific absorptions beyond 250 nm disappear,
and the spectrum becomes much like that of 3,3-dimethyl-3-benzostannepin with
absorptions typical for a vinyl-metal compound. Upon evaporating the solution
in vacuo and redissolving the solid residue in cyclohexane, the resulting solution
yields a UV spectrum which is qualitatively identical with that of the uncoordi-
nated starting material (the dotted line).

In Organotin Compounds: New Chemistry and Applications; Zuckerman, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1976.



Publication Date: June 1, 1976 | doi: 10.1021/ba-1976-0157.ch001

18 ORGANOTIN COMPOUNDS: NEW CHEMISTRY AND APPLICATIONS

Although it was possible to prepare tin compounds of the type

~  _R
/
Sn
@Q Na

no spectral characteristics were found which would indicate aromatization in

the sense
@@Sn—RCl (or BF,”)

It must be assumed that sp2 hybridization of tin, required for aromaticity, does
not occur in this type of compound but that sp3—or even sp3d—hybridization
is preferred.

RING COMPOUNDS FROM ALIPHATIC DIYNES. Tin-containing unsaturated
rings were obtained when organotin dihydrides were allowed to react with diynes
of the type HC=C—(CH;),—C=CH (n =1 and 2). For n = 2 a seven-
membered ring was formed (33):

In relation to the last subject in the foregoing section, a most interesting product
was obtained by Ashe and Shu from dibutyltin dihydride and 1,4-pentadiyne
(84):

CH,

HC” ~CH
R,SnH, + HC=C—CH,—C=CH — _|| ]

HC\ /CH
Sn,
R/ \R

a stannacyclohexadiene

The treatment of this compound with phenylborium dibromide yielded the
corresponding boron derivative:

I'Ilz Iilz
+ PhBBr, — SnBr, + |
HC. _CH 2 RpSnBra + i tu
AN ]|3
R R Ph

1-phenyl-1,4-dihydroborabenzene

In Organotin Compounds: New Chemistry and Applications; Zuckerman, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1976.



Publication Date: June 1, 1976 | doi: 10.1021/ba-1976-0157.ch001

1. VAN DER KERK Past, Present, and Future 19

Deprotonation of this cyclic borium compound with tert-butyllithium yielded
the aromatic 1-phenylborabenzene anion:

Iliz
HC/C\CH
Il I ——— tBuH + 0
HC\B _CH tBuli X
| | Lit
Ph Ph

The conversion of this anion into highly interesting transitional metal sandwich
compounds will not be discussed.

Quite recently in Utrecht the following reaction sequence was performed
(82). Hexa-1,5-diyne-3-ene, consisting of a mixture of the cis and trans forms,
was allowed to react with diethyltin dihydride and the reaction products with
methylborium dibromide. The volatile, low molecular weight final products
were frozen over in a high vacuum. Spectroscopic evidence was obtained for
the presence of the two compounds, 1-methylborepin and a 1-methylborir-

ane:
| B—CH, OB—CH;;

1-methylborepin 1-methylborirane
aromatic not aromatic

So far, the amounts formed were too small for rigid chemical analysis.

Some Reactions Involving Hydrostannolysis. The hydrostannolysis of
carbon-halogen bonds has become of considerable synthetic value in preparative
organic chemistry, in particular for the selective mono-dehalogenation of geminal
dihalides >CCl,, e.g.:

/H
CCl, + BuSnH — C + Bu,SnCl
\Cl

cis- and trans

Since organotin hydrides are not easily available reagents everywhere, it was an
important improvement of the original procedure of Noltes et al. (35) when it
was found that such reactions can succeed with catalytic amounts of a triorganotin
halide and a stoichiometric amount of the generally available reagents LiAlH,
(86) and NaBHj, (37).

Hydrostannation has become of particular importance in organometallic
chemistry for establishing tin-metal bonds (Scheme 1). For tin, the combination
of hydrostannation, hydrostannolysis, and catalytic decomposition of the Sn-H
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bond allowed the synthesis of catenated polystannanes (38, 39). Scheme 1, which
is given without further explanation, illustrates the versatility of this combina-
tion.

R R
R,Sn—Sn—Sn—=SnR,
R R
c T —H,
Ph /O R R,SnN(Ph)C(O)H R
R;Sn—N—-=C. + RSnH, — R;Sn—Sn—H ———————— R,Sn—Sn—SnR;
\H a, R a, R
b l+ Ph—N=C=0
R Ph 0 rsnu R
RSn—Sn—N—C?Z ————— R,Sn—Sn—SnR,
AN 2
R H R
a, l + R,SnH,
R R R R —H, R R
R;Sn—Sn—Sn—Sn—Sn—=SnR; — > RiSn—Sn—Sn—H
R R R R R R
a, l + R,SnSnR,N(Ph)C(0)H
R R R
R,Sn—Sn—Sn—Sn—=SnR,
R R R

Scheme 1. a), as, and ag denote hydrostannolysis steps, and b and c denote
hydrostannation and catalytic decomposition, respectively.

Hydrostannation offers a simple method as well for making compounds con-
taining tin-transition metal bonds, e.g.:

Ti(NMey), + 4Ph;SnH —> (Ph;Sn),Ti + 4 HNMe,
Ti(NMe,); + 3Ph;SnH —> (Ph;Sn);TiNMe, + 3HNMe,

(0] /0
(Ph3Sn);TiNMe, + PhHN—C/ — (Phasn);T‘iN—C/ + HNMe,
AN AN
H H
Ph
formanilide
Ph
/O
2(Ph3Sn)TiN— C\ + Ph,SnH, — (Ph;Sn),Ti—Sn—Ti(SnPh,); +
H
Ph Ph
0}
2PhHN—C/
\H

Corresponding reactions were realized with zirconium. The hydrostannolysis
of certain types of metal-carbon bonds, in particular of magnesium and zinc,
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became interesting to us because here a link became apparent with the organic
chemistry of bivalent tin. Compounds containing tin bound to Group II elements
are readily obtained from the reaction of triphenyltin hydride with coordination
complexes of Group II metal alkyls or alkyl halides (40). The product of the
following reaction was studied in more detail:

PhsSnH + EtMgBrEtsN — PhsSnMgBr - EtsN + EtH

It showed the behavior to be expected for a compound containing a triphenyltin
group bound to a strongly electropositive metal:

Ph;SnCl Ph;SnSnPh; hexaphenylditin

3oN!

Ph;SnMgBr-Et;N T o Ph;SnH triphenyltin hydride
Ph,SnCH.Ph triphenylbenzyltin

L
PhCH,CI

Treatment of the liquid triphenyltin-magnesium bromide/triethylamine
complex [which still contains coordinated diethyl ether and whose molecular
weight was not determined] at 50°C in vacuo yielded solid unsolvated triphen-
yltin-magnesium bromide which, according to a cryoscopic molecular-weight
determination in benzene, is a dimer in solution. This reaction appeared to be
reversible:

—EtsN
2PhsSnMgBr - Et;N == (PhgSnMgBr)
I +EtgN’ II

Removing the complexing agent, triethylamine, causes a striking change in the
chemical reactions of the tin-magnesium compound:

<> Ph,Sn (no Ph;SnSnPh;)
Ph,SnCl ;
(Ph;SnMgBr), — tetraphenyltin

HO0
——> PhH (no Ph,SnH)
benzene

These reactions indicate that upon removal of the complexing ligand, the com-
pound reacts as if a phenylmagnesium rather than a triphenyltinmagnesium
species is present. We interpreted these results in terms of a phenyl-group
transfer from tin to magnesium which occurs upon transformation of the tri-

-ethylamine complex I into the ligand-free species II. Assuming for compound

I a dimeric structure as well (for which there is some evidence from the x-ray
structural proof for the dimeric structure of EtMgBr - EtgN in which bromine-
magnesium bridges occur), the following reaction course, involving a 1,2-phenyl
shift from tin to magnesium, seems plausible:
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Ph;sn\ /Br\ /NEts -NEt,
Mg Mg —
BN SBr” SnPh,
I

Ph;Sn Br Ph,Sn Br Ph
/ 2!
Srg” g — e Mg

g g
Ngr” NgnPh, T e
I 1

SnPh,

In the ligand-free intermediate III, the magnesium has become an electrophilic
center, and the shift of a phenyl group as a phenyl anion from tin to magnesium
leaves the tin behind in the formal oxidation state two. According to this view,
compound II contains monomeric diphenyltin—a bivalent organotin species—
which evidently is stabilized by acting as an electron-donating ligand for mag-
nesium. This picture completely agrees with the chemical reactions of compound
II, but it is neither supported nor denied by the results of 19mSn Méssbauer
measurements (41).

Direct evidence for the occurrence of a PhoSn species in compound II fol-
lowed from two insertion reactions:

Compound II 1% Co4(CO),

(Ph;SnMgBr),

Ph
path 1

2° Ph,P

Ph;P(CO);Co— Sn—Co(CO)sPPh;

1° SncCl
(0C),Co—Co(CO), L/ path2 Ph

2° PhMgBr
3° Ph,P

Pathway 2, realized in 1966 by Bonati et al. (42), and pathway 1 resulted in
identical products. This work led, inter alia, to the view that the so far elusive
dialkyl- and diaryltins, i.e., bivalent organotin compounds, might be stabilized
by coordination with strongly electron-deficient ligands. This can be an im-
portant lead for developing the currently explored field of the organic chemistry
of bivalent tin. So far, the usual types of electron-donating ligand molecules have
been found unsuitable for that purpose.

To conclude, I report a very recent finding which, in a way, stands in contrast
to the results mentioned above (43). Earlier attempts to hydrostannolyze bis-
(cyclopentadienyl)tin by means of triphenyltin hydride were unsuccessful,
probably because of insufficient acidity of the hydride hydrogen. With a much
stronger acidic metal-hydrogen bond, viz. the one occurring in pentacarbonyl-
manganese hydride, a hydrometalolysis reaction occurred, but the result was quite
unexpected. The following reaction was expected:

(C5H5)2Sn + 2HMD(CO)5 —> Sn(Mn(CO)5)2 + 2CsHg
benzene MW 509
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Instead, a completely different product was obtained:

2(C5H5)2Sn + 4HMI](CO)5 - C20H2020Mn43n2
MW 1020

The orange crystalline product had about twice the expected molecular weight
and contained hydrogen. The analysis fits very well with the molecular formula
given, and the Mossbauer spectrum revealed that the tin was in the tetravalent
rather than in the divalent state. The mass-spectroscopic investigation showed
a parent peak at 1020 rather than at 1018, the latter being expected for dimeric
tin(II)-bis(manganesepentacarbonyl). These results pointed to the following
structure for the compound obtained:

(OC);Mn Mn(CO);

H—Sn Sn—H

(OC)sMn Mn(CO)s
tetra(manganesepentacarbonyl)ditin dihydride

Chemical evidence for the presence of tin-hydrogen bonds in the molecule
was obtained from the formation of chloroform and of red-colored tetra(man-
ganesepentacarbonyl)ditin dichloride in the reaction with carbon tetrachloride.

In the reaction with acrylonitrile, the expected hydrostannation product was
formed:

(0C)Mn Mn(CO),
CCly
Cl—Sn—Sn—Cl
(OC);Mn Mn(CO);
0)
N (0C);Mn Mn(CO);
(OC):Mn Mn(CO);

(OC)5Mn MI](CO)5 CH,=—CH—CN \ /

NCCHQCHQ—SD —Sn _CH_)CH_)CN

(0OC)sMn Mn(CO);

The proposed structure was confirmed by x-ray analysis, but I will not deal with
this in detail. The formation of a ditin dihydride in the protolysis of CpsSn by
HMn(CO)s is not readily explained, although of course the formation of Sn(IV)
compounds from Sn(II) compounds is not at all surprising.

At the end of my selection of topics in organotin hydride chemistry—in
which I have leaned heavily on the Utrecht work—I realize that I may be blamed
for quite some bias. What I have tried to do, however, is to present some basic
concepts which I think could be fairly well covered by results from the Utrecht
work. Personally, I have always found a tremendous challenge in the combi-
nation of applied and fundamental approaches or rather in their integration. For
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that reason, I am particularly pleased that we may learn from this volume about
the first industrial application of the reactivity of the tin-hydrogen bond.

Looking back, I am astonished by the tremendous multitude of applied and
fundamental developments which have emerged from the world-wide study of
organotin chemistry in the past 25 years. Looking ahead, I venture to predict
that this field is still a gold mine for the industrial chemist and the academic
chemist as well.
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Homolytic Reactions Involving
Organotin Compounds

ALWYN G. DAVIES
University College London, 20 Gordon Street, London WC1H OAJ, England

Free radicals may react at a variety of sites in an organotin
compound. (1) Reaction at the tin center can displace on alkyl
radical, e.g. t-BuO- + PrgSnCl — t-BuOSnPrsCl + Pr-. The
rates of the reactions can be rationalized in terms of electronic
and steric effects in a five-coordinate intermediate. (2) Reac-
tion at an atom bonded to tin (particularly H or Sn) displaces a
tin-centered radical, e.g. t-BuO- + HSnBus — t-BuOH +
SnR3. These organotin radicals will, for example, abstract
halogen from an alkyl halide, or add to an alkene, and their re-
actions are useful in organic synthesis. (3) Reaction at hydro-
gen on the a- or B-carbon atoms occurs more readily than in
simple alkenes, and a variety of electronic interactions have
been invoked to account for the enhanced reactivity.

IAS the field of organometallic chemistry has developed in recent
years it has become apparent that it provides an important new context for
the operation of homolytic reactions. The principal reasons for this are twofold.
First, the metal-carbon, metal-hydrogen, and metal-metal bonds are often rather
weak, and, second, the metals carry low-energy p or d orbitals which can ac-
commodate an attacking radical to establish a bimolecular homolytic transition
state or intermediate. These two factors together facilitate both unimolecular
and bimolecular homolytic reactions. The homolytic chemistry of organic
compounds of tin has probably been studied more extensively than that of the
compounds of any other metal, and it is too vast to cover comprehensively in a
short review. Thus, this paper concentrates on principles rather than practice
and mentions only briefly the very important synthetic methods which are based
on these principles, and that have been reviewed elsewhere.

Although some organotin compounds will undergo unimolecular photolysis
or thermolysis under mild conditions, radicals are usually derived from organotins
by the bimolecular reaction with some other radical. The various sites at which
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2. DAVIES Homolytic Reactions 27
this radical can react are illustrated in Reactions 1-7 where the reactants are la-
belled with the approximate bond dissociation energies. All the reactions which
are listed are exothermic, although it is not necessarily the most exothermic re-

action possible which in fact occurs.

Reactions at Tin Centers

t-BuO- + PrSnCl—Pr —> -BuO—SnPr,Cl + Pr AH keal mol™ (1)

61 77 =16

Br- + Et;Sn—Et — Br—SnEt, + Et: (2
61 83 —-22

(CH,CO),N: + Bu;Sn—Bu —— (CH,CO)N—SnBu; + Bu- 3
61 ? ?

Reactions Producing Organotin Radicals

t-BuO- + H—SnBu; —> ¢t-Bu0O—H + -SnBuy, @
82 104 -22

t-BuO: + Me,Sn—SnMe, —> t-BuO—SnMe; + ‘SnMe; %)
62 77 -15

Reactions not Involving a Bond to Tin

t-BuO- + H—CH,CH,SnEt; — ¢-BuO—H + -CH,CH,SnEt;, 6)
<99 104 >=5
Ph,C—O + CH3—(|JH—SnEt3 —> Ph,C—OH + CH,CHSnEt, )
H
<9 <104 ?

These elementary reactions can occur in the context of a chain or a non-chain
process (1). For example, tert-butyl hypochlorite reacts exothermically with
tripropyltin chloride by a chain process in which tert-butoxyl and propyl radicals
are the chain carriers (Reactions 9 and 10).

t-BuOCl + Pr;SnCl — ¢-BuOSnPr,Cl + PrCl ®
t-BuO: + Pr,;SnCl —> ¢-BuOSnPr,Cl + Pr- 9)
Pr- + +-BuOCl —> Pr(Cl + #-BuO (10)

On the other hand, di-tert-butyl peroxide reacts only when it is photolyzed
to give tert-butoxyl radicals, and the propyl radical which is displaced (Reaction
12) will not now propagate a chain. If such reactions are carried out in the cavity

In Organotin Compounds: New Chemistry and Applications; Zuckerman, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1976.



Publication Date: June 1, 1976 | doi: 10.1021/ba-1976-0157.ch002

28 ORGANOTIN COMPOUNDS: NEW CHEMISTRY AND APPLICATIONS

of an ESR spectrometer, the spectra of the alkyl radicals which are involved can
be observed.

hv
t-BuOOBut —> 2 ¢-BuO: 1w
t-BuO- + Pr,SnCl —> ¢-BuOSnPr,Cl + Pr- 12)

By measuring the yield of products from the former reaction (by NMR or
GLC for example), or of the radical intermediates from the latter reaction (by
ESR), under appropriate conditions, the rate constants for the elementary steps
involving the organotin compounds can be derived (2). The values quoted in
this paper have been determined by one or other of these procedures.

Reactions Involving an Organotin Radical

Organotin radicals can be generated in solution by the reactions exemplified
in Reactions 13-18.

Bu,SnN-i-Pr, —> BuSn + Ni-Prs a3)
(Bu,Sn), —> Bu,$n(SnBuy),,SnBu, — n-BuSn: (14)
MeSnSnMe, —> 2Me,Sn (15)

t-BuO- + Me;SnSnMe;, —> ¢-BuOSnMe; + ‘SnMe, (16)
t-BuO° + HSnMe; —> t-BuOH + ‘SnMe, amn

Cl,C: + CHMe=CHCH,SnBu; —* Cl,C—CHMeCH=CH, + -SnBuy; (18)

Table I. ESR Spectra

Radical Source g
Me,Sn- Me,SnH + ¢-BuO- 2.017
Me,Sn, + t-BuO-
Me,SnCl + Na 2.0163
Me,Sn + vy 2.0154
. 2.018
Me,SnSnMe, MeSn, + v
Me,SnCl Me,SnCl + v 2.0113
. ca. 2.10
MeSnCl, Me,SnCl, + vy 2.0009
Et,Sn- Et,Sn + vy ca. 2.0
Bu,Sn- Bu,Sn + 7y ca. 2.0
i-Bu,Sn- i-Bu,SnH + UV ca. 2.0
Ph,Sn- Ph,SnH + UV ca. 2.0
Ph,Sn + UV
[(Me,Si),CH],Sn- R,Sn: + UV 2.0094
[(Me,Si),N],Sn- R,Sn: + UV 1.9912
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Aminotin compounds are photolyzed in solution (Reaction 13) to give strong
ESR spectra of the appropriate dialkylaminyl radicals (3), and the nitrogen-
containing products (from MegSnNEt,) show a CIDNP effect in the proton NMR
spectrum (4). The photolysis of cyclic oligomeric dialkyltins (Reaction 14)
provides a convenient source of the dialkylstannylenes (RgSn:) which are ap-
parently formed via the spontaneous decomposition of the polystanna a,w-di-
radicals (5). The hexaalkylditins are similarly photolyzed to the trialkylstannyl
radicals, though in rather low quantum yield, but this can be improved if di-
tert-butyl peroxide is added to the system, when the bimolecular Reaction 16
is superimposed on the unimolecular Reaction 15 (3, 35). For preparative
purposes the most useful source of trialkyltin radicals is the abstraction of hy-
drogen from a trialkyltin hydride with a radical such as ¢-BuO-, (Reaction 17),
and Lehnig has observed both H- and 1195n-CIDNP effects during such reactions
(6). The conjugative substitution of Reaction 18 is involved in the chain reaction
which occurs between organic halides and allyltin compounds (7, 8, 9, 10).

A further source of trialkyltin radicals is provided by the benzpinacol de-
rivatives (Reaction 19) which dissociate into ketyl radicals at room temperature,
and above 60° dissociate into benzophenone and trialkyltin radicals (11). In
many reactions, however, the trialkyltin group is transferred directly to the re-
agent (e.g., Og, Iy, alkyl halides) without existing as a free intermediate.

Me,SnOCPh,CPh,0SnMe, == 2Me,SnOCPh, —> MeSn' + OCPh,  (19)

The most direct evidence for the formation of trialkyltin radicals is their
detection by ESR, and data on the radicals which have been observed to date are
given in Table I. Unfortunately, apart from the last two atypical examples, only

of Organotin Radicals

a(Sn)/G a(H)/G Ref.
2.75(9H) (15)
(16)
1610 (17)
(1983) 2.76(9H) (12)
1550 (18)
1171 4.5(6H) (18)
and 250

(12)
1780 (18
(12)

1550 (12, 19)
1550 (18)
(20)
1550 18)
(20)
1776 2.1(3H) (21)
a(N)10.9(3N) (22)
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the MesSn- radical has been observed in fluid solution, probably because the
slower tumbling of the larger radicals, combined with their strongly anisotropic
g factors, gives rise to very broad signals. The spectra of these larger radicals
have been detected only by irradiating solid samples with UV light, y-rays or
x-rays, or by the rotating cryostat technique, and the kinetics of the reactions of
the radicals cannot be studied under these conditions.

The large value of the tin hyperfine coupling has been interpreted as
implying that the RsSn- radicals have a pyramidal structure: for example, the
Me;Sn- radical has been proposed to be distorted by about 14° from the planar
structure (12). Though the conclusion may well be correct, the argument should
be used with caution in view of the continuing controversy about the structure
of RsC- radicals for which many more data are available (13); on the other hand,
the evidence for the pyramidal structure of the RgSi- and RgGe- radicals is con-
vincing (14).

Rate constants for the self reaction of trialkyltin radicals to give hexaalkyl-
ditins, are given in Table II. The values which are obtained for the simple rad-
icals (ca. 2 X 10° 1 mole~! sec™!) are typical of those for small radicals which
combine without chemical complications and reflect the viscosity-limited rate
of diffusion of radicals in the solvent (2). The bottom two examples in the table
illustrate the now-familiar persistence which is conferred by introducing bulky
ligands around the radical center; concentrated solutions of these radicals can
be prepared which give excellent ESR spectra.

The principal reactions of the trialkyltin radicals are summarized in Reac-
tions 20-32 together with a few leading references.

Ref.
RSn + R;Sn' —> R,SnSnR, (15,23) 20)
0, — R,Sn00 (24) (1)
C=C — R,SuCC (25) (22)
C=C — R,SnC=C (25) (23)
R'N=CHR —> R,SnNR'CHR’ (26) (24)
0=CR’, — R,SnOCR/, (27) (25)
S=CR/(OR’) — R,SnSCR/(OR’) (28) (26)
XR’ Tf» R,SnX + R- (29) @7)
ROOR' —* R,SnOR’ + OR’ (30) (28)
R’SSR” — R,SnSR’ + ‘SR’ 31 (29)
R,NNR’, — RSnNR/, + NR/, (32) (30)
R'ON=—NOR’ — R,SnOR’ + N, + OR’ (33) (31
R’,NN=NNR/, — R,SnNR’, + N, + ‘NR/, (34) (32)

The symbol k above a reaction arrow implies that rate constants for the re-
action have been determined; these values are important in that they provide
the primary data against which other rate constants can be determined by
competition methods. The most important of these reactions are those involving
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Table II.  Self-Reaction of Organometallic Radicals
(2 k;/1 mole™ sec™ at 298°K)

Ref. Ref.

Me,Sn- 3.1x 10° 16) Me,C- 8.1 x 10° (16)

Bu,Sn- 1.4 x 10° 23) Me,Si- 5.5 x 10° (16)

Ph,Sn- 2.8 x 10° 23) Me,Ge- 3.6 x 10° (16)
Bu,SnH 1.6 x 10° 23)

(Me,Si),C- ¢t,,, 2 days (16)

[(Me,Si),CH],Sn- t,,, 1year (22)

[(Messi)lessn' t,,» 90 days 22)

alkyl halides (Reaction 27) and alkenes (Reaction 22), and these two reactions
are now considered in more detail.

Reaction of Organotin Radicals with Alkyl Halides. Trialkyltin radicals,
generated from the corresponding hexaalkylditins, react with alkyl halides
(particularly bromides) to display strong ESR spectra of the appropriate alkyl
radicals (35) (e.g., Figure 1). This is a very convenient method for generating
various types of organic radicals for ESR studies.

H}e
[l

Figure 1. ESR spectrum of the ethyl radical obtained from the photolysis of
di-tert-butyl peroxide and hexamethylditin in the presence of ethyl bromide
(3) CH3CHzB1‘ + MesSn- — MesSnBr + CH3;CHo:

10G
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Table III. Rate Constants (k,/1 mole™ sec™ at 25°C) for the
Reaction R,;Sn- + R'X - R,SnX + R’

R,Sn- R’ X k

Bu,Sn- c-C.H,, Cl 2.0 x 10
Bu,Sn- c-C,H,, Br 2.2 x 107
Bu,Sn- Me I 2.5 x 10°
Bu,Sn- n-C.H,, Cl 8.5 x 10
Bu,Sn- ¢-CH,, Cl 2.0x 10°
Bu,Sn- t-Bu Cl 1.6 x 10*
Bu,Sn- PhCH, Cl 6.4 x 10°
Me,Sn- t-Bu Cl 59 x 10°
Bu,Sn- t-Bu Cl 1.6 x 10*
Ph,Sn. t-Bu Cl 2.0 x 10*

If the organotin radicals are derived instead from a trialkyltin hydride, a
chain reaction is set up leading to the formation of an alkane and a trialkyltin
halide (Reactions 33 and 34).

by
RSn + RX — RSnX + R~ (33)
R” + RSnH %, RH + RSn (34)

This reaction was discovered by Noltes and van der Kerk in 1957 (36), in-
terpreted as a free radical process by Kuivila in 1962 (29, 87), and the kinetics
analyzed by Ingold in 1968 (23, 38). Alkyl chlorides are much less reactive
toward the tin radicals than are bromides or iodides, and different kinetic
equations apply, allowing the rate constants for the production (k;) and the re-
moval (kz) of the alkyl radicals to be determined.

Representative rate constants (k;) for the reaction of trialkyltin radicals with
alkyl halides (Reaction 33) are given in Table III (23). This illustrates the low
reactivity of the alkyl chlorides and the fact that the reactivity follows the pre-
dicted order of stability (e.g., 1°R- < 2°R- < 3°R-) of the alkyl radicals which
are liberated.

Table IV. Rate Constants (k,/l mole™ sec™ at 25°C) for the
Reaction R'* + R,;SnH -~ R'H+ R,Sn"

R k
t-Bu- + Bu,SnH 7.4 x 10¢
n-C,H,,- + Bu,SnH 1.0 x 10¢
Me: + Bu,SnH 5.8 x 10¢
t-Bu+ + Bu,SnD 2.7 x 10¢
¢-C,H,,- + Bu,SnD 4.4 x 10°
t-Bu- + Me,SnH 2.9 x 10¢
t-Bu- + Ph,SnH 3.1x 10¢
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Rate constants for the abstraction of hydrogen from trialkyltin hydrides by
alkyl radicals (Reaction 33) are given in Table IV (23). These values vary little
with the nature of the attacking radical R’-, and they have been used as the pri-
mary standards against which other rate constants can be determined by com-
petition methods (39).

Reactions of Organotin Radicals with Alkenes. The hydrostannation of
an olefin by an organotin hydride was reported by van der Kerk, Luijten, and
Noltes in 1956 (40), and the free radical mechanism was first clearly defined by
Neumann in 1961 (41), where the propagating steps are:

R,Sn® + C=C —> R,SnCC (35)
R,SnCC- + RSnH — R,;SnCCH + R;Sn- (36)

These reactions have been exploited in the preparation of new types of or-
ganotin compounds (42). More recently, the intermediate 3-stannylalkyl radicals
have been studied by ESR spectroscopy (43, 44, 45, 46, 47, 48, 49, 50).

If a radical X- is added to an olefin, the adduct appears to prefer either of
two conformations in which the C-X bond eclipses (I), or is staggered with respect
to (II), the axis of the 2p orbital containing the unpaired electron. These two
conformations can be distinguished by the values of the ESR hyperfine coupling
constants caused by the 8-hydrogen atoms. The eclipsed conformation (I) places

R3Sn

H
R' R' R‘ Rl SnR3
H H
)
60 H 30°
O(HB) 10-18G O(Hﬁ) 25-30G
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these hydrogen atoms close to the nodal plane of the p orbital, as shown in the
Newman projection, and a(Hg) is low, whereas in the staggered conformation
(I1), the B-CH bonds are more nearly parallel to the axis of the p-orbital, where
they are better able to hyperconjugate with the unpaired electron and to show
a larger coupling constant.

The values for a(HB) and their positive temperature coefficients (44) (Table
V) show that whereas the adducts of alkyl radicals prefer to exist in the staggered
conformations, the adducts formed from organotin (or silicon or germanium)

Table V. ESR. Hyperfine Coupling Constants for g-Substituted
Ethyl Radicals at ca. —100 °C

Ca-Cf
barrier/kcal
a(HpP)/|G mole™!
Me,CCH,CH, - 24.71
Me,SiCH,CH, - 17.68 1.2
Me,GeCH,CH,- 16.57 1.6
Me,SnCH,CH, - 15.84 2.0

radicals prefer to adopt the eclipsed conformations, and, from the variation of
a(Hp) with temperature, the barriers to rotation about the Ca and C8 bond can
be derived (44).

Reactions at a Distant Site in a Ligand

The preference for the eclipsed conformation in the RgSnCH2CHy- radical
is usually ascribed to hyperconjugation between the p-electron and the carbon-tin
bond with perhaps some contribution from p ,—d, homoconjugation (43, 44, 45,
46, 47, 48, 49, 50).

Stabilised by
Pa—dy homoconjugation Stabilised by
R(} D / RySn ‘;-n hyperconjugation
32N,
g0
R3Sn—CH;— (|:H2 CH;~CH, —=-——» CH;~=CH,
H
] 1
oBut oBut oBut

Whatever the origin of the effect, it does appear that the presence of a -
stannyl substituent confers an enhanced reactivity on a CH group (see Table VI)
toward abstracting tert-butoxyl radicals (1, 43, 44, 45). A CH group in the «
position to tin is even more reactive (see Table VI) (43); this may in part be caused
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Table VI. Approximate Rate Constants (1 mole™* sec™* at 40°C)
for the Reactions
t-BuO- + R3'MCH,CH,R ~ ¢-BuO- + RyyMCHCH,R + R;'MCH,CHR

¢
R, MCH,CH,R o Reactivity B Reactivity
R,CCH,CH,R 7 x 10° 6.1 x 10?
R;SnCH,CH,R 1.7 x 10¢ 3 x 104

by conjugative delocalization of the p electron into the vacant 5d orbital on tin,
but a more significant factor is probably that the inductive electron release of
the tin accommodates the electronegative nature of the attacking alkoxyl radi-
cal.

Stabilised by Stabilised by
electron release from Sn Pp—dx conjugation

7
QR
O

H
I
OBu

+
R,Sn—?H—CHa <— R3Sn—=CH—CH; =— R3S —CH,

S\

H H-

6Bu' OBut
Reactions at the Tin Center

Reactions involving bimolecular homolytic substitution (Su2) reactions at
a tin center form part of a much wider field which includes a variety of metals
and of attacking radicals. The present scope of the reaction is as follows (51, 52,
53):

X- + MR, — XMR,., + R (37

X = ROO-, R’O-, R3SiO-, PhCOy-, R’S-, R;N; (CH2CO);N-, R;COT
M = Li, Mg, Zn, Cd, Hg, B, Al, T}, Si, Sn, Pb, S, P, As, Sb, Bi.

Most work has been carried out on compounds of boron and of phosphorus.
Homolytic substitution at tin was proposed by Razuvaev in 1961 (54), and the
reactions which have been reasonably well established are shown in Reactions
38 to 44.

Ref.
t-BuO- + R;Sn—SnR; —> ¢-BuOSnR; + -SnR, (16,35) (38)
(CH,CO)N- + R;Sn—SnR, —> (CH,CO),NSnR; + SnR, (55) (39
t-BuO + R,SnX,., — ¢t-BuOSnR,. X,., + R (56,57)  (40)
R,CO + R,SnX,., — R,COSmnR, X,, + R (56,57) (41
Br + RSn — BrSnR, + R (58) (42
(CH,CO),N- + R,Sn —> (CH,CO),NSnR, + R- (59,60)  (43)
t-BuO- + R;Sn | — #-BuOSnR,CH,CH,CH,CH, (61)  (44)
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10 G
—

Figure 2. ESR spectrum of the propyl radical obtained by the photolysis of
di-tert-butyl peroxide in the presence of tripropyltin chloride: t-BuO- +
Pr3SnCl — t-BuOSnPr,Cl + CH3CH,CH-

There is an interesting dichotomy in the reactivities of the various radicals
toward the tetraalkyltins and the trialkyltin halides. Whereas bromine radicals
(58) and succinimidyl radicals (59) react at tin in tetraalkyltins, they appear not
to react with trialkyltin halides; on the other hand, alkoxyl radicals and the related
ketone triplets (56, 57) bring about an Sy2 reaction at tin in trialkyltin halides
(Figure 2) but abstract hydrogen from the alkyl groups of tetralkyltins. This
difference in behavior may in part be explained by the conflicting electronic
demands of the reagents. All four are electronegative species which should prefer
to react at tin in R4Sn rather than in RgSnX where X is an electron-attracting
group such as chloride. On the other hand, all four presumably wish to make
use of the vacant 5d orbitals on the tin to form the 5-coordinate transition state
or intermediate for the Sy2 reactions, and these orbitals are lower-lying when
the tin carries an electronegative group such as Cl. These conflicting demands
appear to be finely balanced, and the balance can favor the tetraalkyltins or the
trialkyltin halides for different reagents. The special behavior of the stanna-
cyclopentanes (Reaction 44) in undergoing the Sy2 reaction at tin at least 1000

Table VII. Relative Leaving Abilities of Alkyl Radicals

Me,SnR + Br- i-Pr 6.95; Et 3.7; Pr, Bu 3.2; PhCH, 2.2; Me 1.0
Et,SnR + Br- i-Pr1.5; Et 1.2; Pr,Bul.1l;Me 1.0
n-Bu,SnBu,-s + (CH,CO),N- s-Bu2.1;n-Bul

n-Bu,SnCH,Ph + (CH,CO),N- PhCH, » n-Bu

n-Bu,Bu-£-SnCl + ¢t-BuO- n-Bu » #-Bu
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times more rapidly than the acyclic tetraalkyltins, must be associated with the
ring strain in the cyclic compound.

The leaving ability of different groups in the reactions of mixed organotin
compounds follows the expected sequence (3°R > 2°R > 1°R) with the re-
markable exception that di-n-butyl-tert-butyltin chloride reacts with tert-butoxyl
radicals with the selective displacement of the n-butyl radical (see Table
VII).

The overall reactivities of different organotin compounds toward Sy2 re-
actions at tin, which are shown in Table VIII, are less easy to interpret. Although

Table VIII. Absolute or Relative Rate Constants for
Su2 Reactions at Tin

s-Bu i-Pr n-Bu n-Pr Et Me
R,Sn + (CH,CO),N-
k(1 mole™ sec™ at 25°C) 8 x 10 4x10° 4x10° 4x 10* 1.4 x 10°
R,Sn + Br-, k(rel) at 25°C 79 4.3 4.2 5.5 1.0

the reactivity toward the succinimidyl radical, 1°R4Sn < 2°R4Sn, follows a steric
sequence, the reactivity toward Br- appears to follow the reverse order, 2°R4Sn
> 1°R4Sn. Clearly, much more work is needed in this area.

Three pieces of evidence combine to suggest that these Sy2 reactions at tin
may proceed through an intermediate rather than a transition state. First, Boué
et al. (58) showed that although, for example, i-PrSnMe; reacted with bromine
radicals with a selectivity k;_p;/kme = 5.23, the selectivity rose to 6.95 if tetra-
ethyltin was added to the system. They proposed that the tetraethyltin formed
a radical complex which could proceed to products, or could act as a more se-
lective brominating agent toward the trimethylisopropyltin (Reaction 45)
(58):

RSn + Brr — RSnBr — RsSnBr + R

RS
> RSn + R'SnBr + R~

(45)

Second, we found that the presence of an organotin halide altered the se-
lectivity of the attack of tert-butoxyl radicals, derived from tert-butyl hypo-

chlorite, on 2,3-dimethylbutane, from a ratio of kcu/kch, of ca. 40 to ca. 300.

Again, this would be compatible with the formation of a radical complex which
is more selective in its reactivity (56, 57):

RsSnCl + -OBut —> R,SnCl(OBut) — R- + R,SnCl(OBu-t)

Me,CHCHMe, .
R,SnCl + But-OH + Me,CCHMe, +

CH,CHMeCHMe, (46)

Third, in the reaction of ketone triplets with organotin halides, quenching
is complete, those triplets which escape chemical reaction being quenched
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physically. This type of behavior is usually ascribed to the formation of a complex
(an exciplex) which can proceed to products, or can revert to the unchanged
substrate and singlet ketone (56, 57).

R,SnCl + PhMeC—O —> RSnCI(OCPhMe) — R,SnCI(OCPhMe) + R

47
R;SnCl + PhMeCO “n

On this basis, the reactivity of the stannacyclopentanes can be accommodated
in terms of the formation of a trigonal bipyramidal intermediate in which the
initial strain is relieved by the ring bridging equatorial and apical positions and
which then decomposes by the breaking of an apically-directed bond (61).

R R
« \ / )
X- + R,;Sn —> X-—-Sn——--CH, — X—?nRz (|3H2 (48)
|
CH, CH, CH, CH,
\lez \Cl-{z

The unusual selectivity which is observed in the reaction of di-n-butyl-
tert-butyltin chloride might then be ascribed to the tert-butyl ligand occupying
a less sterically congested equatorial site in the trigonal bipyramid so that apical
departure involves the less bulky n-butyl ligand (62).

n-Bu X
s+ N/ &
X- + n-BuButSnX — X—Sn—n-Bu —> X;SnBu-n-But + nBu  (49)

t-Bu
Summary

Figure 3 illustrates the principal reactions of free radicals with organotin
compounds which we have discussed in the previous sections, and includes ap-
proximate second-order rate constants for the attack of tert-butoxyl radicals on
representative substrates.

(@) 1% 105 X

Sn—H "X (b) 1 X 10° (Bu,SnH)
(Pr;SnCl) C—H "X (c) 2 X 10° (Et,Sn)

C—H "X @ 3 X 10 (Et:Sn)

Figure 3. Approximate rate constants for the attack of tert-butoxyl radicals
on organotin compounds (1 mole~1sec™! at 25°C).

We have seen that only a few examples of attack at the tin center (process
a) are as yet recognized, although such reactions do form part of a much wider
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and well-established field involving the organic derivatives of other metals.
Evidence is accumulating that these reactions at a tin center may proceed through
a 5-coordinate radical complex.

Reaction at an atom bonded to tin is well established, and with the organotin
hydrides (process b) it occurs to the exclusion of all other processes and provides
the basis of some important synthetic methods. Attack at tin bonded to tin is also
common, and similar processes can be predicted for many other compounds
containing tin-metal bonds.

Attack at hydrogen on an alpha carbon atom (process ¢) occurs more readily
than at hydrogen on a beta carbon atom (process d). The former reaction is
probably facilitated by the inductive effect of the metal, perhaps by p.-d
conjugation, and the latter by carbon-tin hyperconjugation and perhaps p,-d .
homoconjugation.
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Synthetic and Mechanistic Aspects of
Organostannylanionoin Chemistry

HENRY G. KUIVILA
State University of New York at Albany, Albany, N. Y. 12222

Some of the substantial diversity in the behavior of Group IV
anionoids is reviewed and followed by a summary of the results
of recent studies on the reactions of organostannylanionoids
with organic halides. Simple alkyl halides lead to substitution
with primary, substitution and elimination with secondary,
and elimination with tertiary halides. Inversion has been
shown to occur with sec-butyl halides and retention with cyclo-
propyl. Strained and bridge-head bromides such as adam-
antyl and 3-norbornyl produce satisfactory yields of substitu-
tion products. Aryl bromides and chlorides react by nucleo-
philic substitution on halogen (halogen-metal exchange) to
form aryl anions as intermediates which may react with
haloorganostannane to form substitution products or, with
good proton donors, to form reduction products. Functional
groups, such as acetyl, methoxycarbonyl, amino, and cyano can
be present on the aryl ring and permit good yields of substitu-
tion products to be obtained. Carbon tetrachloride and chlo-
roform react primarily by an initial nucleophilic displacement
on chlorine as the initial step. Rigid bicyclic and tricyclic or-
ganostannanes prepared by these reactions have been used to
establish the relationship between the 3J(119Sn-13C) coupling
constants and dihedral angle.

his paper is concerned with the chemistry of alkali metal de-

rivatives of organotins which are called anionoids because we do not know as
yet under what conditions they may exist as clusters, covalent species, intimate
ion pairs, solvent-separated ion pairs, or as free ions. Because carbanionoids may
be considered the prototypes of those of Group 1V, it is tempting to assume that
the chemistry of the higher members of their series will be very similar, varying
more in degree than in kind. The only obvious electronic structural variation
appearing in silicon, germanium, tin, and lead is that d orbitals of lower energy

41
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may become available for involvement in certain situations. Examples in the
literature demonstrate that variations in behavior from one metalloid or metal
to another, and indeed with a given metalloid as reaction parameters are changed,
can bring about profound changes in the course of reaction with a variety of
substrates. The discussion here will be limited to organic halides, and will show
that, although the reactions are simple and apparently straightforward, they are
by no means predictable.

For example, the reactions of triphenylsilyllithium with 1,4-dichloro- and
dibromobutanes are shown in Reactions 1 and 2. The major product is the ex-
pected 1,4-bistriphenylsilylbutane when the dichloride is used, but only a minimal
amount is formed from the dibromide with hexaphenyldisilane being the major
product. Another example in which the solvent is the major determinant of the
course of the reaction, is shown in Reactions 3 and 4 involving 1,2-dibromobutane
and triphenylgermylsodium.

2¢SiLi + CI(CHy),Cl —> ¢,Si(CH,),Si¢; (64%) 1)
+ Br(CH,),Br —> (#:Si) (74%) + #,Si(CH,)Sidy (3%) @
%,GeNa + Br(CH,)Br % $:Ge(CH,)Ged, (60%) ®
B0, (4Ge), 62%) @

Another set of pertinent observations comes from Willemsens and van der
Kerk (4) on the reactions of plumbyllithiums, and of Bulten and Noltes (5) on

the reactions of triethylgermylpotassium with polyhalomethanes as shown in

Reactions 5, 6, 7,and 8.  Yet another contrast in behavior involves the reaction

4¢PbLi + CCl, —> [¢sPbLC (61%) ®)

3¢,PbLi + CHCl, ——> [¢,PbLCH (66%) ©)

AMe,PbLi + CCl, i [Me,PbLC (78%) Q)
ccl,

EtGeK + {CHCI,, HMPT, [EtsGe}, only ®)
CBr,

of benzyl chloride with trimethylsilylsodium in HMPT (6) and of trimethyls-
tannylsodium in tetraglyme (7): the benzyl groups appear predominantly as
bibenzyl in the former case, Reaction 9, whereas they appear only as trimethyl-
benzylstannane in the latter case, Reaction 10.

HMPA

MeSiNa + ¢CH,Cl P2, 4CH,SiMe, + [¢CH,-], ©)
18% 479%
Me;SnNa + ¢CH,Cl —> ¢CH,SnMe; + [¢CHy~T, (10)
75% nil
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Reactions of Stannylanionoids with Alkyl and Cycloalkyl Halides

Organostannylanionoids react with great to moderate ease with saturated
halides, particularly bromides and iodides, to provide a range of organic sub-
stituents on tin. Simple primary and secondary halides (vide infra) react to
provide substitution products in good to excellent yields. More interesting are
the observations that cycloalkyl halides which might be expected to show little
or no reactivity in nucleophilic substitution reactions do in fact react to give
satisfactory yields of substitution products. Examples are the reactions of ada-
mantyl- (8, 9), 3-nortricyclyl- (9), and 7-norbornyl- (9) bromides which react
as shown in Reactions 11, 12, and 18.

MeSnLi, THF. 1—Ad—SnMe; (57%) (11)
2—Ad—SnMe;
SnMe;
Me,SnNa (12)
37%

L& MeﬁnLl ;@ (37%) (13)

The reaction with 3-bromonortricyclene is of particular interest because
of the formation of both the unrearranged product and the rearranged product,
2-norbornen-5-yltrimethylstannane. Clearly the formation of 1-adamantyl-,
2-adamantyl-, and 3-nortricyclylstannanes should occur with retention in con-
figuration. Other stereochemical results of interest are shown in Reactions 14,

1 16.
5, and SnMe,

N (30%) a4
S

nMe;,

) Br Me,snLi SnMe3 ¢ H
>A< THF >A< + >A< 16)

Me ) Me
44% 37%
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The axial bromide in Reaction 14 reacts with retention (8) whereas the equatorial
tosylate in Reaction 15 (8) reacts with inversion of configuration. The bromo-
cyclopropane shown in Reaction 16 was optically active as were both the tri-
methylstannyl product and the hydrocarbon (10). Furthermore, cleavage of
the trimethyltin group from the cyclopropane as shown yielded hydrocarbon
with the same optical rotation as that isolated from the reaction mixture. The
clear implication is that the replacement of bromine by tin and by hydrogen in
Reaction 16 both occur with complete retention of configuration.

A remarkable set of stereochemical observations was obtained in a study
of the reactions of syn- and anti-7-bromonorbornenes with trimethylstannylal-
kalis in a series of solvents shown in Table I (11). The solvents tetrahydrofuran

Table I. Stereochemistry of the Reaction of
Trimethylstannylanionoids with 7-Bromonorbornenes

Br
Me;Sn Me;Sn
MeSn m*
— +
/ / /
% Retention in Product
THF DME TG/THF (%)
Syn Li 16 3 3
Na 90 19 9
K 53 82 4
Anti Li 96 98 99
Na 85 83 96
K 79 92 96

(THF), 1,2-dimethoxyethane (DME), and tetraethylene glycol dimethyl ether
(tetraglyme, TG) are arranged in the presumed increasing order of ability to
solvate cations. The results indicate that, in the case of the syn-bromide, the more
free the stannyl anion, the greater the degree of inversion in the reaction, and
conversely, the less free, the higher the degree of retention. On the other hand,
the degree of dissociation of the stannylanionoid has little effect on the stereo-
chemistry of substitution with the anti-bromide, for the major course is retention
regardless of the solvent or counterion. In the simpler 2-halobutane series, in-
version has been shown to be the primary (and nearly exclusive) stereochemical
consequence with triphenyl derivatives of each of the Group IV sodium metalides
(lithium in the case of silicon) as seen in Table Il. We have found independently
that reaction of 2-bromooctane and trimethylstannylpotassium in DME and in
THF proceeds with inversion in configuration also, indicating no counterion effect
(9). Because the optical rotations of the products used in estimating degrees of
inversion presented in Table II are calculated and not experimental values, the
absolute figures are probably not exact. However, the trend toward decreased
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Table II. Stereochemistry of Reaction of Group IV Anionoids
with 2-Halobutanes

X % inversion % yield
¢,SnNa Cl 90 46 (DME)

Br 85 55 (DME)

I 71 58 (DME)
¢,SiLi Cl 51 34 (THF)
¢,GeNa Br 62 39 (NH,)
¢,PbNa Br 65 26 (NH,, Et,0)

inversion in going from chloride to bromide to iodide in the reactions with tri-
phenylstannylsodium and the relatively low yields of products isolated are sig-
nificant.

In view of the puzzling nature of some of the observations reported above,
we have begun a systematic study of the reactions of organostannylanionoids to
ascertain their synthetic scope and utility, and to learn as much as possible con-
cerning the mechanisms by which they react with halides. Results obtained with
n-butyl halides are gathered in Table III, (Sn=MegSn~). The primary halides
give only n-butyltrimethylstannane as tin-containing product. On the other
hand, tert-butyl halides yield only hexamethyldistannane, and secondary halides
provide both types of product, with the distannane increasing in proportion in
the order C1 < Br <1. When the solvent is changed from THF to tetraglyme,
all of the secondary halides yield 2-butyltrimethylstannane as the virtually ex-
clusive tin-containing product. The source of the substitution products is the
expected SN2 substitution reaction as we have shown by kinetic experiments, but
the source of the distannane is not obvious. Further examination shows that the
C,4 fragments appear as isobutylene and, apparently, isobutane. A more careful
examination with the more conveniently studied tert-amyl chloride shows that
the overall reaction follows the course shown in Reaction 17. The Cs fragments
appear only as the mixture of methylbutenes shown, with 2-methyl-2-butene,

Sn—Na + Me,C(Et)Cl — Sn—Sn + H, + Me,C=CHMe
+ Me(Et)C=CH, + NaCl (17)

Table III. Reactions of n-Butyl Halides with
Trimethylstannylsodium in THF at 0°C

X=Cl X=Br X=I
RX % RSn % Sn—Sn % RSn % Sn—Sn % RSn % Sn—Sn
n-BuX 89 0 86 0.2 78 4
s-BuX 71 3 57 16 33 32
t-BuX 0 60 0 57 0 64
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the thermodynamically more stable product, predominating. More detailed
examination shows that hydrogen is also formed in addition to hexamethyldis-
tannane. Inindependent experiments these were shown to be artifacts formed
in a secondary reaction (Reaction 19) following a putative E2 reaction (Reaction
18). Treatment of solutions of trimethylstannane with trimethylstannylsodium

CH, CH,
Sn~ + CH,CH,CCH, — SnH + CH,CH=CCH, + CI” (18)
Cl
25n—H i>Sn—Sn + H, (19)

results in smooth evolution of hydrogen which was formed quantitatively and
at a rate dependent on the amount of trimethylstannylanionoid present. The
latter is not consumed. Thus the reaction is a base-catalyzed decomposition of
the stannane. The low yields reported in Table II may be caused, at least in part,
by the intrusion of the elimination reaction which would lead to butenes and
hexaphenyldistannane as byproducts. Other bromides such as benzyl, allyl,
cyclobutyl, cyclopentyl, cyclohexyl, isobutyl, and neopentyl react normally and
in good yields with trimethylstannylsodium in THF. Chlorides react more slowly
asexpected. However, cinnamy] chloride gives no significant yield of substitution
product but rather a mixture of bicinnamyls (13). Thus, further work is clearly
needed to clarify the full mechanistic picture of the reactions of organostan-
nylalkalis with saturated organic halides.

Reactions of Organostannylanionoids with Aryl Halides

We now turn to aryl halides whose reactions with triphenylstannylanionoids
have been examined by a number of investigators for synthetic purposes (14).
The only example reported using a trimethylstannylanionoid involves trimeth-
ylstannylsodium in liquid ammonia-ether in reaction with p-dichlorobenzene
which yielded p-bistrimethylstannylbenzene in unspecified yield (15). We have
examined the reactions of a number of aryl halides, especially bromides, and have
found that the reactions proceed in high yields and are synthetically useful. Of
particular interest are the results presented in Table IV (16). None of the
products formed could be obtained by the conventional reaction of the aryl
Grignard reagent with trimethylchlorostannane. In the first and third entries
the formation of a benzyne would be expected to intrude. In all of the others
the functional group in the para position would be expected to react with the
Grignard reagent. Thus we have here a reaction which can be used to prepare
organofunctional aryltins which might be difficult to obtain without recourse
to rather elaborate procedures.
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Table IV. Reactions of Aryl Bromides with
Trimethylstannylsodium in Tetraglyme

% ArSnMea

Cl
Q—Br 60
Cl

N-C—-©—Br 80

Br 42

Me—C—@—Br (56)

MeO—C—@—Br (78)
HM—@—B:- (40)

@ Yields in parentheses by glpc; others by isolation.

47

% ArHa

7 (¢ SnMe,)

43)

(2)

(60)

The appearance of product in which the aryl bromine is replaced by hy-

drogen in the last four entries of Table IV suggests the intermediacy of aryl
radicals or anionoids which could abstract hydrogen atoms or protons from the
solvent. To probe this point we examined the reaction of o-bromophenyl-3-
phenyl-3-propanone with trimethylstannylsodium in tetraglyme as shown in
Reaction 20. The direct substitution product, the reduction product, and 1-
phenylindene were found in the proportions indicated by the figures outside the
parentheses. The formation of phenylindene suggests the intermediacy of the

@:\)\H‘ 5 @)
H®D)
0 o
Br Sn

4 67)
American Chemical ©’

Society Library
1155 16th St. N. W,
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phenylanionoid which undergoes cyclization as shown in Reaction 21a followed
by protonation and dehydration in workup. The reduction product also might
arise by proton abstraction from solvent.

When the hydrogens alpha to the carbonyl group were replaced by deute-
riums, two pertinent observations resulted (indicated by the data in parentheses).
First, the proportion of the reduction product dropped from 54% to 38% at the
expense of increases in the other two products from 42% to 56% and 4% to 6.7%,
respectively. This indicated a kinetic isotope effect in the formation of the re-
duction product. When its mass spectrum was examined it was found that the
benzylic fragment of the phenyl group initially bearing the bromine atom con-
tained three quarters of one deuterium. The only possible source of the deute-
rium was the carbon alpha to the carbonyl, and this suggests an intramolecular
proton abstraction as shown in Reaction 21b to form the enolate anion of the
ketone which would provide the aryl-reduced ketone on hydrolytic workup.

H
Ph Ph

0

(21b)

In Reaction 20 the arylanionoid suffers from intramolecular trapping by
the acidic protons alpha to the carbonyl group. To ascertain whether other acidic
species could also function as traps, a series of experiments were conducted using
tert-butyl alcohol in this role. Using fixed initial concentrations (ca. 0.1M) of
p-bromotoluene and trimethylstannylsodium in tetraglyme, varying amounts
of tert-butyl alcohol were added to the halide before the anionoid was added.
The product mixture was then analyzed for toluene and p-tolyltrimethylstannane
(Figure 1) (17). Even when the ratio of alcohol to trimethylstannylsodium was
as large as 20/1, the distribution was the same as that observed at a ratio of 5/1.
Thus there is a limit to the proportion of the tolyl groups that can be trapped as
the anionoid to form toluene.

One possible interpretation of these observations is that two competing re-
action are occurring: one is nucleophilic substitution by the anionoid on carbon
of the benzene ring to form arylstannane; the other is nucleophilic substitution
on halogen leading to haloorganostannane and aryl anion. This ion can then react
with the halostannane to form additional substitution product or, if tert-butyl
alcohol is present, it reacts faster in proton abstraction from the hydroxyl group
to form the reduction product. This mechanistic dichotomy is consistent with
the observation that the reaction is second order; first order in substrate and first
order in anionoid.
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ArBr + Me3SnNa B 51 Mg ArH
' 0" e

%

s | N | N

| 22 3 4 5
[Bu*OH/Me 3SnNa

Figure 1. Effect of initial tert-butyl alcohol concen-

tration on distribution of toluene and p-tolyltrimethyl-
stannane; tetraglyme; 0°C

An alternative mechanism is shown in the Scheme 1 in which the first step
in the reaction is a nucleophilic displacement on halogen to form the species
shown under the horizontal bracket representing a solvent cage. The species
in the cage can couple with rate constant k. or diffuse apart with rate constant
kq. Inthe absence of a good proton donor or other electrophilic reagent the aryl
anion and halostannane can diffuse back together and undergo reaction to form
more of the coupling product. However, in the presence of tert-butyl alcohol,
proton abstraction occurs (k,) very rapidly to form the reduction product. The
maximum amount of reduction measures the fraction (about one-half; see Figure
1) of the coupling product formed after diffusion in the absence of the alcohol,
the remainder being formed in the cage before diffusion can occur. If, in the
presence of alcohol, the rate of diffusion can be increased, the amount of reduction
will increase. To test this, a series of experiments were conducted in mixtures
of tetraglyme and DME to vary the viscosity of the medium with a constant ratio
of aryl bromide to tert-butyl alcohol (1/5). According to a theory developed
for caged free radicals developed by Koenig and Deinzer (18), the ratio of re-

Scheme 1
Sn—H

S Ar—H + §°
I —
Ar—X + Sn—m — Ar~ X—Sn m" = Ar + X—Sn + m*

lkc I
Ar—Sn+ m—X
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duction product to substitution should vary inversely with the square root of the
viscosity if the same model holds for our system. That this indeed is the case is
shown in Figure 2. The fact that the intercept of the line is zero within the ex-
perimental error indicates that the only reaction occurring in the cage is coupling
to form substitution product, but reversal of the forward step cannot be exclud-
ed.

Another mechanism which is not excluded by the data presented thus far
is one in which the species in the cage are formed by an electron transfer from
stannylanionoid to aryl halide to form the haloaryl radical anion. This dissociates,

ki

(Vn

ure 2 lffect of viscosity on ratio of toluene to p-

ytnmethy tannane in tetraglyme-dimethoxyethane

mixtures. (Lowest viscosity with 20/80 v/v DME/TGI;
highest viscosity with pure TG)
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and the resultant species in the cage are aryl radical, halide ion, organostannyl
radical, and positive counterion. These could react within the cage and after
diffusion to yield the products found. Although chemically induced dynamic
polarization experiments which have been attempted gave negative results, this
mechanism cannot be rigorously excluded. Fortunately, further experiments
can be carried out to distinguish between the polar and radical mechanisms.
We prefer the polar mechanism as the simplest one because of the results
of experiments conducted with o-dibromobenzene. As shown in Table IV the
products of reaction with trimethylstannylsodium are o-bistrimethylstannyl-
benzene and the mono-reduction product, trimethylphenylstannane. If the
mechanism shown in Scheme I is correct, then one would expect that benzyne
should be formed rapidly from the initially formed o-bromophenylanion as shown
in Reaction 22. That this does in fact happen was demonstrated by the obser-

Br

@ + Sn~ — SnBr + @\ — + Br~ (22)
r Br

B

vation that the presence of furan in the initial reaction mixture resulted in the
isolation of 1,4-endoxodihydronaphthalene, Reaction 23c. The formation of
the other products obtained in the normal reaction are depicted in Reactions 23a
and 23b. Reaction 23a constitutes a novel reaction of benzyne in which identical
substituents become attached to the two ends of the yne unit.

_ Sn Sn
O=Qr =Qr +o )
Sn

S-H
\ Sn

O @ (23b)
O -

Returning to Scheme I, note that in the experiments in which the ratio of
tert-butyl alcohol to trimethylstannylsodium was 20/1 about 85% of the p-bro-
motoluene was consumed. This means that the stannylanionoid reacts by nu-
cleophilic substitution on bromine at least 100 times as fast as it abstracts a proton
from the hydroxyl group of the alcohol.

The Course and Mechanism of the Reaction of Trimethylstannylsodium
with Carbon Tetrachloride

As shown in Reactions 5, 6, 7, and 8, the reaction of carbon tetrachloride with
Group IV anionoids appears to be capricious with the lead derivatives reacting
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via replacement of each of the four chlorines with lead atoms and the germanium
derivatives giving none of the analogous products. Thus we decided to examine
the behavior of the intermediate element in Group IV using trimethylstannyl-
sodium as the nucleophile (19). When an excess was allowed to react at the lowest
feasible temperature (ca. —40°C) colorless, crystalline tetrakistrimethyl-
stannylmethane precipitated. This substance showed the correct elemental
analysis, does not melt but sublimes at 360°C and shows two types of carbon atom
in the 13C magnetic resonance spectrum at 3.58 and 35.7 ppm upfield from in-
ternal tetramethylsilane. The former signal is assigned to the methyl carbons
which usually appear nearer to 10 ppm upfield; the latter signal is assigned to
the highly shielded central carbon and represents the most highly shielded te-
tracoordinate carbon atom known to us.

> =—35.7ppm(CH,Cl,)

T
CCl, + MeSnNa —> [MeSn)C + [Me;SnlCH + [MeSnl, (24)
(to 41%) <5%

The mechanism by which the four trimethylstannyl groups become attached
to the central carbon was of particular interest to us because it is well known that
nucleophiles react with carbon tetrachloride at the chlorine atoms rather than
at carbon. In the present instance the first step would be as shown in Reaction
25 yielding the trichloromethyl anionoid and trimethyltin chloride. This is the

Me,SnCCl; (nil)

MeSn~ + CCl, — Me,SnCl + ~CClL 2% Heey, (to 86%)  (25)

-Cl”
Me,C—CMe. — l
2 \/ : w :CCL,
CCl,

case as verified by conducting the reaction in the presence of ethanol which gave
up to 86% chloroform by trapping of the anion. Coupling of trimethylchloros-
tannane and the trichloromethyl anion is either a slow reaction or the product
is highly reactive in the reaction mixture because no trimethyltrichloromethyl-
stannane was detected (by NMR) in reaction mixtures in the absence of ethanol.
The trichloromethyl anion does have time to dissociate to chloride ion and di-
chlorocarbene as demonstrated by the isolation of tetramethyldichlorocyclo-
propane when the reaction was conducted in the presence of tetramethylethylene,
Reaction 25. How can the dichlorocarbene serve as an intermediate in the for-
mation of the ultimate product? Two possible initial steps are shown in Reaction
26. Reaction with trimethylstannylanion can lead to the dichlorotrimethylstannyl
anion which in turn can either react with trimethylchlorostannane to form bis-
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:CCl, + Me;Sn™ —> Me,SnCCl, —22% (1= + [Me,Sn},CCl, ©26)

}

>C: + ClI™
Cl

Me;Sn

trimethylstannyldichlorostannane (vide infra) or dissociate to form a new carbene
and chloride ion. The new chlorotrimethylstannyl carbene can in turn react with
another trimethylstannyl anion as in Reactions 27 to form bistrimethylstannyl-
chloromethyl anion. This can couple with trimethylchlorostannane to form the
tristrimethylstannylchloromethane shown, or it can dissociate to form chloride

Me;Sn
_C + MeSn™ —> [MeSn}CCl ——2"0> [MeSnkCCl + CI”  (21)

Cl l

[Me;Snl,C: + CI™

and bistrimethylstannylcarbene. Further reaction of this carbene with tri-
methylstannylsodium, followed by reaction of the resulting tristrimethyls-
tannylanionoid with trimethylchlorostannane can yield tetrakistrimethyls-
tannylmethane, Reaction 28.

[MesSn}C: + Me;Sn™ —> [MegSnlC™ —2%, [Me,SnlC + CI™ (28)

To test the viability of the carbene depicted in Reaction 28 as an intermediate
an attempt was made to prepare it by the sequence of reactions shown in Reaction
29. When bistrimethylstannyldichloromethane (20) was treated with trimeth-
ylstannylsodium, tetrakistrimethylstannylmethane was formed in 85% yield. To

(Me,Sn),CCl, + Me;Sn~ —> (MeySn),C (85%)
l TMeﬁnCl

Me;SnCl + (Me;Sn),CCl (Me;Sn),C™ (29)

\ f Me;Sn”

Cl™ + (Me;Sn),C:

ascertain whether or not this product might be formed by two direct nucleophilic
sbustitutions on carbon the reaction was conducted in ethanol. In this case none
of the product was obtained. This is clear evidence that anionic intermediates
which are trapped by the alcohol are involved on the pathway to the product,
and the circuitous one shown is the simplest and most direct.
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Applications in Conformational and Structural Studies via 13C NMR

Our ability to synthesize rigid bicyclic compounds in the adamantyl, nor-
bornyl, norbornenyl, and nortricyclyl series enabled us to gather 13C NMR
spectral parameters which can be used to establish configurations and structures
of organotin compounds. The key is the existence of the 119n and !17Sn nuclei
with spin of one-half which comprise 8.6% and 7.6%, respectively, of the tin
isotopes. In addition to the usual chemical shift data which can be used for these
purposes the 3J(119Sn—18C) are of considerable value. Studies with 3-nortri-
cyclyltrimethyltin, for example, provide considerable data as shown below (21,

(Sighting along arrows
results in perspectives Sn. H
shown in Newman projections)

H Sn

6 1 T 5
(536)| (80) 9N 2 (578

22). The 13C NMR spectrum showed discrete signals from each of the seven ring
carbons and from the methyls on tin. The coupling constants through three bonds
are shown in parentheses with the dihedral angles for carbons 6, 1, 7, and 5 being
observed from models to be 154°, 83°, 67°, and 174°, respectively. Data such

80 T T T T T T 1

70
60
50
40

30

COUPLING CONSTANT IN HZ

20

10

0 1 1 ] 4 | J 1
0 20 40 60 80 00 20 140 160 80
DIHEDRAL ANGLE IN DEGREES

Figure 3. Karplus plot for 3J(119§n—13C)
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as these could then be used to construct the Karplus plot shown in Figure 3.
Although more data at the lower dihedral angles are desirable, it is evident that
the angular dependence on 3] values can be used in conformational and structural
studies.

An example in which the structures of two isomeric organotins could be
unambiguously assigned by application of these data is shown in the products
of the Reactions 20 (23). Because of the bulk of the trimethylstannyl groups,

w7

1. Me;SnH
2. CrO,, py
(20)
nMe,
SnMe,
0" x 0" X
{214.7 ppm {211.3 ppm
5Hz 62 Hz

their assignment to exo configurations is reasonably sound. The relative locations
of the trimethylstannyl and carbonyl groups in the 2,5- and 2,6-positions could
be assigned by examining the coupling patterns around the very low field car-
bonyl carbons. In one 3J(119Sn—13C) was 61 Hz, and in the other it was 5 Hz.
In the exo-2-trimethylstannyl-6-norbornanone the tin and carbonyl carbon atoms
display a dehedral angle near 180° in models. This is obviously the isomer with
the 62 Hz coupling, while the other with a 3] coupling of only 5 Hz to the carbonyl
carbon is the 2,5-isomer. To have established these structures by chemical means
would have been extremely time consuming, and other spectral methods would
be of little value.
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Organotin Phosphines, Arsines, Stibines,
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The preparation, properties, and reactions of organotin phos-
phines, arsines, stibines, and bismuthines are reviewed, and
some newer results are described in detail. The title com-
pounds react with some transition metal carbonyls to form or-
ganotin phosphine, arsine, stibine, and bismuthine substituted
transition metal carbonyl complexes, which show unusual sta-
bility and may be useful homogeneous catalysts. The prepara-
tion and properties of some new systems for catalytical pur-
poses are described: (1) organotin phosphines like (tert-
C4Hg)of (CH3)oSnCL]P react with metal carbonyls to form the
corresponding complexes LM(CO),—,, which can be fixed on
the surface of e.g., an aerosol by a strong Sn-O-Si bond; (2) p-
styryl-substituted organotin phosphines can be synthesized.
Transition metal complexes with these compounds as ligands
can be copolymerized with olefins, yielding systematically syn-
thesized polymeric organotin phosphine substituted transition
metal carbonyl complexes.

n contrast to the organotin compounds in which tin is bound to a
main-group element, like a halogen or chalcogen, organotin compounds with
bonds between tin and a heavy element of the fifth main group of the periodic
table are comparatively new. A patent (1)in 1936 as well as several papers by
Arbuzov et al., (2, 3, 4) and Malatesta (5) from 1947 to 1950 describe the synthesis
of organotin phosphines, arsines, stibines, and bismuthines. However, it was
shown later that these compounds did not contain direct bonds between tin and
the group V element (6). The first real organotin phosphine was prepared in
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1959 by Kuchen and Buchwald (7) and one year later by Bruker and co-workers
(8):

(C.H;):SnBr + NaP(CiH;), — (C,H;),SnP(C¢H;), + NaBr 1)
3(CH,);SnBr + 3NaPH, — [(CH,);Sn];P + 3NaBr + 2PH;, (2)

In 1964 Jones and Lappert (9) prepared trimethyltin diphenylarsine, and
Schumann and Schmidt (10) isolated tris(triphenyltin)arsine as the first organotin
arsenic compounds. In the same year Campbell, Fowles, and Nixon (11) and
Schumann and Schmidt (10) isolated the first antimony derivatives as well as the
first bismuth compounds. Razuvaev et al. (12) then showed that the organotin
bismuth derivatives could be prepared by the reaction of organotin hydride with
triethylbismuth.

(CH,);SnN(CH,), + HAs(CH;), — (CH,);SnAs(C¢H;), + (CH,),NH ®

3(CH;)SnLi + ECl; — [(CeH:)Sn,E + LiCl (4)

E = As, Sb, Bi
(CH,);SnCl + NaSb(C¢H;), — (CH,);SnSb(CsH;), + NaCl 5)
3(C.H,);SnH + Bi(CH;); — [(C,H;);Sn];Bi + 3C,H; (6)

Analogous to the reaction of sulfur with tetraorganotin compounds (13),
we began in 1960 to prepare organotinphosphines by the reaction of tetraphen-
yltin with phosphorus in a sealed tube above 220°C. Triphenylphosphine and
alloy-like tin phosphides were also formed (14). Although this reaction was not
suitable for synthesizing specific organotin phosphines, we could isolate at 230°
to 250°C, for example, cyclic trimeric diphenyltin phenylphosphine as well as
small quantities of a tetrameric phenyltin phosphine having a cubane struc-
ture.

C5H5\ /C6H5

C:H;
C6H5\ ~ Sn\ ~ CeH; CeH; P——— l'l/ o
] ]
6t15 CeH
> "~ /S“< 5 Sn&l—P
CeHs P CGH5 P/__.Sn<
CeH;

CeHs

One method for preparing organotin phosphines is the reaction of organotin
chlorides with lithium diphenylphosphide in tetrahydrofuran (THF) to form
organotin phosphines (15). The reaction of sodium diorganophosphide with
organotin halides in liquid ammonia (15) is a better method. This reaction makes
possible not only the synthesis of trialkyltin diorganophosphines, but also the
isolation of diphenylbis(diphenylphosphino)tin. In addition this reaction proved
its worth because it was possible to remove unreacted organotin halides from the
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reaction mixture as their solid ammonia complexes. It is also possible to obtain
organotin phosphines by removing alkali halides from alkali organotin compounds
and organochlorophosphines in TMF but only in low yields (16). The reaction
of organotin halides with phosphine or organophosphines in the presence of a
base like triethylamine as a hydrogen halide acceptor is quite specific (17). The
organotin amines are equally suitable as starting materials for synthesizing or-
ganotin phosphines. Trimethylbis(dimethylamino)tin, e.g., reacts not only with
many other proton-active substances but also with diphenylphosphine or di-
(tert-butyl)phosphine with the liberation of dimethylamine (18); trimethylsil-
ylphosphines react with organotin chlorides and eliminate trimethylchlorosilane
to form organotin phosphines (19). Trimethyltin chloride reacts with PCls or
organochlorophosphines and magnesium in hexamethylphosphoramide to form
organotin phosphines in high yields (20). The same methods could be used to
synthesize organotin arsines, stibines, or bismuthines (21, 22).

>Ssn—al + Li——-P/

e ~ -
=Sn—Cl + (CHy),Si—P
Ssn—Li + A—P A . - “ ~
N ™ >, P <« Sn(CH,), + P
>Su1—Cl+H—/// \‘\\65‘1 4
= N —sn—0l + a—p + Mg
\ /

The tin-phosphorus bond is very reactive, and the organotin phosphines
give many interesting reactions. The sensitivity of organotin phosphines toward
oxygen (23) depends mainly on the number and nature of the organic groups
used to block the undesirable valences of tin and phosphorus. Alkyl compounds
are more sensitive than the corresponding phenyl derivatives toward oxygen.
The oxidation, either on simple exposure to air or with hydrogen peroxide in
ethanol, forms organotin phosphinates. The possible intermediates, phosphine
oxide or phosphinite, have never been isolated in this reaction. Organotin
phosphines cannot be hydrolyzed in the absence of air, but hydrogen halides split
the compounds forming organotin halides and organophosphines. Triphenyltin
diphenylphosphine reacts with elemental sulfur to form a triphenyltin substituted
thiophosphinate (23). In the same way, organic azides such as phenylazide break
the bonds between phosphorus (24) or arsenic (25) and tin to form novel imino-
phosphoranes or iminoarsanes. The reaction, e.g., for the tin phosphine may
proceed by initial formation of an iminophosphorane >Sn-PR;==NCgHs, which
is unstable, and rearranges into an aminophosphine >Sn-NCgHs-PHR; which
takes up a further phenylimine residue to form the stable end product.

The tin-phosphorus bond can be cleaved by 1,2-dipolar reagents (26) like
CS; forming organotin phosphinodithioformates. The reaction presumably

‘proceeds analogous to the insertion into Sn—-N compounds (27) by a polar four-

center mechanism. Triphenyltin diphenylphosphine reacts with olefinic com-
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pounds like allyl chloride or styrene to form chloromethyltriphenylstannyl eth-
yldiphenylphosphine and phenyl triphenylstannyl ethyldiphenylphosphine,
respectively. In both cases the products are two isomeric forms which have not
been separated (28).

Organotin phosphines do not form stable phosphonium salts. They react
with Lewis acids only at very low temperatures to give addition products which
decompose on warming by cleavage of the tin-phosphorus bond. NMR spec-
troscopic data show an exchange reaction between tris(trimethyltin)phosphine
and trimethylmetal halides. In the same way, tris(trimethyltin)phosphine reacts
with tris(trimethylsilicon)phosphine and tris(trimethylgermanium)phosphine
with redistribution of the trimethyl (group IV elements). All 10 possible com-
pounds are detected by 3'P-NMR (29). The reactions of organotin phosphines
and arsines with phenylphosphorus or phenylarsenic chlorides lead to stable
products containing two, three, or four directly linked phosphorus or arsenic atoms
and compounds in which a phosphorus or arsenic atom is linked to one, two, or
three arsenic or phosphorus atoms, respectively (30).

N
S Cl + 15 PO
rapid n - [P2:]
exchange |
- ®_o - \Sn—P—M(CO),, 1
7Snl + MegP\ I +—=Mcl ropa
w MOO),, 0
N _I I - +>=C . N I -
/Sn (ll (ll P\ — Sn-—P Sn—O—P\
+CS,
S /‘M‘x \
N s >~ -~
7Sn—S—C—P\ /SnX + HP{
II‘IIQ
N / I
—Sn—N—P Nana__ L
7 I N /Sn S P\

0

The chemical and physical properties of organotin phosphines indicate that the
lone pair of electrons on the phosphorus in these compounds makes a certain
contribution to the phosphorus-tin bond through a (p—d), interaction. The
organotin phosphines therefore should not be capable of forming quarternary
salts. This theory could be proved by the reaction between organotin phosphines
and methyl iodide and by the oxidation of organotin phosphines.

In the first case it was not possible to isolate a quarternized organotin
phosphine and in the second, no organotin phosphine oxide was formed. On
the other hand, there are some compounds which contradict this theory, e.g.,
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CH,

~ =7 +CHJ ™\ ®_- o
Ssn—P + CHI — { ~ |~ op T =l + CH)P I
Sn P\I
- e ™
0 ]
~ =7 +1/20, e
—sn—PF + 120, — —\—sn——¥> ot % =sn—0—p @
e ~

trimethyltin di-tert-butylphosphine trimethylsilylimine (31) and trimethylsilyl
trimethylphosphonium tetracarbonylcobaltate (32):

Li NSi(CH,)
(CHy)SnCl + (t-C4H9)2P—'N< — (t-C4H9)2P< N
Si(CHy), Sn(CH,),
@
(CH,);8i—Co(CO), + P(CHzy —> [(CH,),SiP(CH,);][Co(CO),1° (10)

These considerations suggested a study of the reactions of organotin phos-
phines with transition metal carbonyl complexes. Hexacarbonylchromium,
hexacarbonylmolybdenum and hexacarbonyltungsten react under UV irradiation
with organotin phosphines (33), arsines (34), stibines (35), and bismuthines (36)
with displacement of one CO ligand to form the corresponding pentacarbony)
organotinphosphine-, arsine, stibine, and bismuthine-chromium, -molybdenum,
and -tungsten complexes. Organotin phosphine tetracarbonyl iron complexes
could be prepared from organotin phosphines and Feo(CO)g by elimination of
Fe(CO)s. The same compounds are formed by UV irradiation of solutions of
organotin phosphines and Fe(CO)s in THF (37, 38). Tetracarbonyl nickel reacts
with organotin phosphines (39, 40), arsines (34), stibines (41), and bismuthines

(36) in THF at room temperature to form nickel(0) complexes in which these

new ligands with tetracoordinated phosphorus, arsenic, antimony, or bismuth
are bonded to the transition metal. All these complexes are formed in high yields
as colorless crystals which, unlike the starting ligands, are surprisingly stable to
atmospheric oxygen but are often thermally very unstable. This stability supports

CHCO); + P[Sn(CHp} —> (CO)Cr—P[Sn(CH,)]; + CO an
Cr(CO) + As[Sn(CHyk —=> (CO),Cr—As[Sn(CH,),}, + CO (12)
Cr(CO); + Sb[Sn(CHy)k —> (CO)Cr—Sb[Sn(CHysk + €O 13)
Cr(CO), + Bi[Sn(CHy)}; > (CO),Cr—Bi[Sn(CH,)], + CO (14)
Mo(CO), + P[Sn(CHy), —> (CO)Mo—P[Sn(CH,)], + CO (15)
W(CO) + P[Sn(CH),L, —> (CO)W—P[Sn(CH),}, + CO (16)
Fe(CO); + P[Sn(CH,)), —=> (CO)Fe—P[Sn(CH,)} + CO (1)
Ni(CO), + P[Sn(CH,\], — (CO)Ni—P[Sn(CH,)}, + CO as)
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the hypothesis that on oxidation of organotin-substituted phosphines, oxygen
attack takes place on the lone pair of electrons on the phosphorus, which is blocked
in the complexes by coordination with the transition metal and is thus no longer
available for electrophilic attack.

Pentacarbonylmanganese and rhenium halogenides react with trimethylsilyl
diphenylphosphine with cleavage of the silicon-phosphorus bond to yield bi-
nuclear complexes containing diphenylphosphino groups as bridging ligands (42).
We prepared analogous complexes with bis(trimethyltin)phosphine groups as
bridging ligands between manganese and rhenium by the reaction of tris(tri-
methyltin)phosphine with pentacarbonylmanganese and rheniumbromide in
diglyme as orange-red crystals (43). The reaction of tris(trimethyltin)phosphine
with octacarbonyldicobalt is somewhat more complicated. Reaction of both
components in benzene, pentane, or cyclohexane between —15° and 60°C gives
a black mixture from which two products can be isolated. One of them, tri-
methyltin tetracarbonylcobaltate itself reacts with tris(trimethyltin)phosphine
but only under UV irradiation to form trimethyltin tricarbonyl tris(trimethyl-
tin)phosphine cobaltate in addition to carbon monoxide.

(CHa);,Sn\ /Sn(CH3)3
P
2(COxMnBr + 2P[Sn(CH;x}; —> (CO)4Mn< >
AN
(CH3)3SD Sn (CHJ)&
COZ(CO)S + P[Sn(CH3)3]3 — (CHJ)gSnCO(CO)4 + COZ(CO)G!P[SH(CHJ):;];;}Q + CO (20)

Mn(CO), + ZCH,%SnBr (19)

Dimethylbis(di-tert-butylphosphino)tin reacts with two equivalents of
tetracarbonylnickel to form binuclear u[dimethylbis(di-tert-butylphosphino)
tin]bis[tricarbonylnickel(0)] which is a yellow, soluble powder of normal stability.
The same phosphine may react with one equivalent of tetracarbonylnickel, to
form selectively tricarbonyldimethylbis(di-tert-butylphosphine)tin nickel. The
'H-NMR spectrum shows a doublet signal for the uncomplexed di-tert-butyl-
phosphine groups at —1.4 ppm with a coupling constant J(HCC3!P) = 11.5 Hz
and a second doublet for the coordinated group at —1.5 ppm with J(XHCC3!P)
=18.3. Hz. The two different 3!P-NMR signals at —49.6 and —61.8 ppm are
also split into doublets with a coupling constant J(3!PSn3!P) = 14.0 Hz. This
benzene soluble compound decomposes on standing, losing carbon monoxide
and yielding a benzene-insoluble complex dicarbonyl{dimethylbis(di-tert-
butylphosphino)tinjnickel which may be a four-membered chelate like that
described by Abel et al. (44) or a polymeric complex. Analogously we believe
a polymeric complex is formed by the reaction between dimethylbis(di-tert-
butylphosphino)tin and hexacarbonylchromium under UV irradiation as well
as with tetracarbonyl-norbornadienechromium in pentane (45).
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PR, _PR,—Ni(CO)s

CHpsn_ + 2Ni(C0), — (CHYSn + 200  (22)
PR, PR,—Ni(CO);
PR PR
<CH3)§n\ + Ni(CO), — (CHs)ZSn\ + CO (23)
PR, PR,—Ni(CO),
PR, PR,
<CH3>2sn< — <CH:J)an< >Ni(CO)2 +00 (20
PR,—Ni(CO), PR,
hy
PR, Cr(CO) 2, 2c0 PR,
cHysn_ + + sl SCr(Co,  (25)
PR, C,HgCr(CO), — C;H, PR,
R=tCH,

Synthesizing the bidentate ligand dimethylbis(di-tert-butylphosphino)tin
can be revealing. Trimethyl(di-tert-butylphosphino)silane reacts with di-
methyltin dichloride in benzene at room temperature in a short time to form
chlorodimethyl(di-tert-butylphosphino)tin in nearly quantitative yield.
Methyltin trichloride forms, accordingly, dichloromethyl(di-tert-butylphos-
phino)tin. An excess of trimethyl(di-tert-butylphosphino)silane reacts with
chlorodimethyl(di-tert-butylphosphino)tin only after 4 days at 55°C/12 torr
yielding dimethylbis(di-tert-butylphosphino)tin. With methyltin trichloride,
however, the bidentate chloromethylbis(di-tert-butylphosphino)tin may form.
In each case, trimethylchlorosilane can be removed by distillation. The substi-
tution of all three chlorine atoms is not possible, even using a high excess of tri-
methyl(di-tert-butylphosphino)silane at 60°C. Chlorodimethyl(di-tert-bu-
tylphosphino)tin is also formed in the reaction of trimethyl(di-tert-butylphos-
phinojtin with dimethyltin dichloride in high yields.

(CH,),SnCl, + (CH,);SiP(t-CHy), —> (CH,),SnP(t-CH,), + (CH,),SiCl  (26)

Cl
CH;;SnCls + (CH;;);;SiP(t’C‘Hg)z —_—> ClgsnP(t‘C4H9)2 + (CH3)3SiCl (27)

CH3
(CH)SnCl, + 2(CH,);SiP(t-CHy)y —> (CH),Sn[P(t-C;Hs)J. + 2(CH;SiCl  (28)
CH;SnCl; + 2(CH,);SiP(t-C,H,), — CH;Sn[P(¢-C;Ho)], + 2(CHy),SiCl  (29)

Cl
(CH3)2SnCl2 + (CHJ)3SnP(t'C4H9)2 - (CH;j)zsnP(t'C4H9)2 + (CHs)gSnCl (30)

Cl

1H- and 3!P-NMR spectra of these compounds show that the signals of the tert-
butyl protons are doublets because of the coupling J(HCC3P). Chlorometh-
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Table I. 'H-NMR and *'P-NMR Spectroscopic

Compound §CH,C  JCHCC*P)  &§CH,Sn
(CH,),SnP(t-C,H,), -1.36 (d) 114 -0.34 (d)
(CH,),CISnP(t-C,H,), -1.41 (d) 12.1 -0.76
CH, (Cl,)SnP(t-C,H,), -1.43 (d) 12.2 -1.07
(CH,),Sn[P(t-C,H,),1, -1.47 (d) 11.3 -0.76 (t)
CH, (C1)Sn[P(t-C,H,),1, -1.67 (d) 11.8 -1.24 (t)

-1.48 (d) 11.3
C1,Sn[P(t-C,H,),], -1.50 (d) 127 -

4§ in ppm against TMS, or 85% H,PO, as external standard, J in Hz, Varian

ylbis(di-tert-butylphosphino)tin shows two doublets with different coupling
constants. This situation may be caused by steric hindrance of the rotation of
the di-tert-butylphosphine groups around the P-Sn bond. This means that one
of each of the two tert-butyl groups of the phosphine residues is orientated toward
the chlorine whereas the others point at the methyl group bonded to tin. Both
phosphorus atoms remain equivalent, as shown by the 3'P-NMR spectrum, which
shows that there should be only one signal (Table I).

The reaction of trimethyl(di-tert-butylphosphino)silane with SnCly is much
more complicated. Whereas the reaction of the silicon phosphine with SiCl,
or GeCly under certain conditions leads to trichloro(di-tert-butylphosphino)silane
and trichloro(di-tert-butylphosphino)germane, the reaction with SnCly proceeds
exclusively via oxidative cleavage of the Si-P bond. On the other hand, both
substitution and redox reactions take place concurrently if the silicon phosphine
is in excess on reaction with SnCly in benzene. A complete separation of the
reaction products of Equations 32a and 32b has not yet been achieved. The
reason could be that a-elimination reactions take place, in which di-tert-butyl-
chlorophosphine is also formed along with chloro(di-tert-butylphosphino)tin
from dichlorobis(di-tert-butylphosphino)tin (46). The latter compound could
however be identified by NMR, and the novel tin(II) phosphine could be syn-

EClL
+ E=Si, Ge, CLEP(-C,H,), + (CH,),SiCl (31a)
(CH)SIP(CHy), — Hox %
Eoo (tCH,),PCl + ECL, +
(CHy,SICl (31b)
SnCl,
+
ClLSn[P(t-CHy),), + ACH)SICl 3%
2ACH)SIP(CHoy SolP(-ClH, + ACH)S: (322)
(t-C,H,),PSnCl + (+CH,),PCl +
9(CH,),SiCl (32b)
SnCl, + (CHLSiP(-CH,), —> (t-C.Hy),PSnCl + (CH,),SiCl 33)
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Data of Chlorostannyl Phosphinesa

J(lHCSnSIP) J(lHCll7lll9Sn) 63IP J(3lPll7/119Sn)
14 45.0/47.2 -20.7 760.6/795.4
- 49 /51 -40.5 -
- 62 /64 -72.3
0.9 40 /42 -31.3 92 [/ 970
0.9 48 /50 -49.3 1281/1343
- - -84.5 1720/1800

XL-100-15, 60/40.5 MHz.

thesized by an alternative route and isolated in a pure form. Thus chloro-
(di-tert-butylphosphino)tin is formed in the reaction of trimethyl(di-tert-
butylphosphino)silane with SnCl, as a yellow powder which decomposes above
175°C. The Méssbauer data (8 = 2.96 + 0.06 mm/s (SnOs); A = 1.68 &+ 0.12
mm/s) prove the presence of Sn(II).

Functionally substituted organotin phosphines are interesting starting ma-
terials for new catalysts. On the one hand, it is possible to prepare catalytically
active transition metal complexes with organotin phosphines as ligands which
show a high stability on the transition metal phosphorus tin linkage; on the other
hand, there should be a way via their reactivity at tin to fix these compounds to
the surface of a carrier like aerosol by a strong Si-O-Sn bond. We found that
halogen-substituted organotin phosphines do react with tetracarbonyl nickel,
as with hexacarbonylchromium, molybdenum, or tungsten to form the corre-
sponding tricarbonylnickel-, pentacarbonylchromium-, pentacarbonylmolyb-
denum-, and pentacarbonyl-tungsten complexes, respectively (47, 48).

Ni(CO), + (CH,SnP(t-CH,), — (CO),,Ni—P(t-C4H9)QS|n(CH3)2 + CO (34)

X X
X =CLBr
M(CO)s + (CH,),SnP(¢-C.Hg), —> (CO);M—P(¢-C,Hy)Sn(CH;), + CO (35)
Cl Cl
M=Cr,Mo, W

The new complexes are pale yellow substances which decompose above
100°C to yield polymeric products of unknown structure. On the other hand,
they show a high stability toward atmospheric oxygen. The reaction of chloro-
dimethyl(di-tert-butylphosphino)tin with sodium trimethylsilanolate gives
dimethyltrimethylsiloxy(di-tert-butylphosphino)tin which is the first model
substance for an organotin phosphine fixed on the surface of aerosol
(49). The product reacts with tetracarbonylnickel to form the corresponding
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tricarbonylnickel complex. The homologous germanium compound (tert-
C4Hy),[(CH3);GeOSi(CHgs)3|P-Ni(CO)g is a liquid with a melting point of 3°C.
The NMR and IR data for this stable compound with the structural unit

—Si—0—Ge—P—Ni—C=

show, that the Ni(CO); group is not perceptibly influenced by the siloxy group
bound to germanium: this means that such complexes should show similar cat-
alytic activity like their siloxy-free analogs.

(CHa)ngP(t-CHg)z + NaOSi(CH;); — (CH,),Sn—P(@C,Hy), + NaCl  (36)

Cl 0—Si(CH,),
Ni(CO), + (CHy,SnP(t-C,Hy), —> (CO);Ni—P[Sn(CHy),](¢-C.H,), + CO (37)

First attempts have been made to react either the chlorine substituted
starting phosphine (CH3)oSn(Cl)P(tert-C4Hg)s or its tricarbonylnickel complex
with aerosol which was converted to an aerosol with Si-O-Li groups on its surface
by reacting with butyllithium. IR, Raman, and ESCA measurements should
show if there are some of the new molecules fixed on the surface of aerosol.
Definite conclusions cannot be drawn as yet from the preliminary results. This
work is in progress.

(p-CH,C4H,),SnCl, + p-CH,==CHCH,MgCl —

/CGH4- p-CH==CH,
Cl
C6H4'p'CH=CH2
(p-CH;3CeH,),Sn ~a + (CH,);Si—PR, —
/CGH4'p'CH=CH2
(p-CH;CeH,),Sn + (CH,),SiCl (39
\PRZ
» _ C¢H,-p-CH==CH,
( p-CH306H4)ZSn\ + Ni(CO), —
) _CiHyp-CH=CH,
(erHaCJL)zSn\PR + CO (40
2

¥
Ni(CO),
R = CGH5, t’C4H9
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We looked for another way to synthesize new catalysts on the basis of
polymers. Organotin compounds with two very reactive functions like both an
olefinic double bond and a tin-phosphorus bond are very unstable. Thus all
attempts to prepare alkyltin organophosphines with a vinyl group bonded to tin
have not been successful. However now we have been able to synthesize some
compounds stable at room temperature starting from di(p-tolyl)p-styryltin
chloride and trimethyl(di-tert-butylphosphino)silane or trimethyl(diphenyl-
phosphino)silane, respectively. They react with tetracarbonylnickel in pentane
at room temperature yielding the corresponding tricarbonylnickel complexes
in high yields as yellow to pink crystals, which polymerize above 90 °C (Reactions
38-40).

Table II. Trimerization Reactions Catalyzed by
Organotinphosphine-Substituted Tricarbonylnickel Complexes

Yield Yield

with with
Monomer Product Conditions r e
C:H;
C:H;
HC==CC,H, benzene 70 95
80°C, 1 hr
CEH.';
CO.C.H,
HC==CCO,C,H, COLH, benzene 51 70
80°C, 2 hr
CO.CH,
CH.,OH
HC=CCH,OH CHOH benzene 55 47
80°C, 12 hr
CH,OH

4Catalyst I: (CH,C,H,),(CH, = CHC.H,)SnP(t-C H,),Ni(CO),; catalyst II:
(CH,C,H,),(CH, = CHC,H,)SnP(C,H,),Ni(CO),

These monomers show catalytic activities in some trimerization reactions.
Initial investigations (Table II) showed that some substituted acetylenes are
trimerized yielding mainly 1,2,4-trisubstituted benzene derivatives in high yields
under mild conditions. Further experiments including polymer catalysts as well
as organotin phosphine substituted w-allyl nickel, rhodium, and ruthenium
complexes are in progress.
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Di- and Trivalent Trimethylsilyl-
Substituted Tin Amides and Related
Compounds Such as Sn[N(SiMej)q]; or 3

MICHAEL F. LAPPERT and PHILIP P. POWER
School of Molecular Sciences, University of Sussex, Brighton BN1 9Q]J, England

New kinetically stable homoleptic tin(Il) and tin(I11) amides
[Sn(NXy)s (X = MesSi, Me3Ge, EtsSi, Et3Ge, or PhsGe) and
Sn(NX’g)s (X’ = MegSi, MegGe, or Et3Ge)] were prepared:
Sn(NXs)s, from LiNXy and SnClsy in diethyl ether at 0°C; and
Sn(NX’y)s by photolysis of Sn(NX’y)e in n-hexane at 20°C.
The diamides are yellow-orange at 20°C but become red in the
vapor state. 'H NMR spectra indicate a singlet monomer
structure, cryoscopic molecular weights are those of the mono-
mers, and mass spectra reveal parent molecular cations. Six
types of reactions were observed for the diamides: Lewis base
properties, ligand exchange, metathesis with protic reagents
HA, insertion into SnN by PhNCO, oxidative addition, and
disproportionation by irradiation. Tin(III) amides have long
half-lives at 20°C and show the expected 1°Sn, 117Sn, and 4N
hyperfine couplings appropriate for the pyramidal metal-cen-
tered radicals.

lthough the di- and tetravalent states for tin are represented

by ligands such as Cl~ or 0%, the dialkylamides have only been represented

by quadrivalent tin. We therefore wished to synthesize stable divalent amides
and, if possible, trivalent compounds. The corresponding di- and trialkyl tins
Sn[CH(SiMes)z)2 or 3 have been successfully prepared (1, 2, 3, 4). Accordingly
we reported the synthesis and physical properties of the isoelectronic
Sn[N(SiMeg)s)s or 5 (5, 6) and described the reactions of the diamide, summarized
in Figure 1 (5); additionally its photolysis yielded Sn[N(SiMeg)z]3 (6). The di-
amide is an orange, low melting (37°-38°C) crystalline solid, subliming at ca.
60°C/10~3 mm Hg to produce a red vapor; cryoscopy showed it to be a monomer
in benzene, in which it is diamagnetic by 'H NMR. Zuckerman and Schaeffer
prepared this compound independently and report it as a dimer in solution or

70
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vapor. They proposed alternative possibilities of u-amido bridging (7). Since
then, other interesting and relevant compounds have been described:
Sn[N(CMes)SiMesle (5), Sn[N(CMes)SiMeg]s (8), Sn(THF)N(SiMes)-
CeH4.NSiMes-0 (7), Sn(THF)N(SiMe3)C,oHs.NSiMes-8 (7), and the cyclic
compounds I and II.

?Mes SIiMea
N N,

/7 N\ Z \
Me,Si /Sn (CHyp), /Sn
\N \liI
CMe;; SiM93
I n=2234

I

I and II were obtained from the appropriate N,N’-dilithioamine and SnCl; and
I, a red liquid, wus monomeric in benzene (9); [Sn(NMeg)s]e was u-bis(di-
methylamido) bridged (10). ESCA studies of Sn[N(SiMes)z]2 vapor show core-
binding energies (eV) as follows: Sn (3ds/2), 491.93 + 0.05; N (1s), 402.01 £ 0.07;
Si (2p3/2), 105.97 % 0.07; and C (1s), 289.36 + 0.07 (11); these were interpreted
on the basis of a monomer model with SiN d <— p 7-bonding. The He(I) pho-
toelectron spectrum shows bands at low IP assigned to combinations of nitrogen
lone-pair and Sn lone-pair orbitals, respectively (12). 119Sn Mossbauer spectra
are available (7).

Here we report extensions of earlier studies (5, 6) into (a) a wider range of
amido ligands, (b) a more detailed investigation of the chemical properties of
Sn[N(SiMejs)z]e, (c) a study of the photolysis of the new amides, and (d) the ESR
characterization of trivalent tin amides which result from (c) in all but the ster-
ically most hindered situations.

Table I. Yields and Some

Yield

Compound (%) Appearance
Sn[N(SiMe, ),],4 79 orange crystals
Sn[N(GeMe,),], 82 orange crystals
Sn[N(SiEt,),], 63 orange liquid
Sn[N(GekEt,),], 69 orange liquid
Sn[N(GePh,),], 73 orange liquid
Sn(CI)N(SiMe,),2 51 colorless crystals
Sn(Cl)N(GeMe,), 40 colorless crystals

2In benzene relative to solvent benzene.
bIn CH,CI, relative to solvent CH,CI,
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The use of the bulky bis(trimethylsilyl)amido ligand N(SiMeg), was pio-
neered initially by Biirger and Wannagat and subsequently over a broad range
of first row transition elements and lanthanides by Bradley and co-workers. This
field has been comprehensively reviewed (13). The choice of this ligand means
that: (a) the parent amine hexamethyldisilazane, HN(SiMes),, is readily available
and is easily converted into its N-lithio derivative, and (b) the size of the ligand
stabilizes metal low coordination numbers, for the d and f-block metals the rare
coordination number of three being particularly common. There is probably
significant Si-N (d <—p) 7-bonding. The absence of 3-hydrogen atoms and the
presence of B-silicon atoms makes metal amide decomposition by a -elimination
energetically unfavorable. Metal amides are often useful synthetic precursors
of other metal derivatives (14, 15, 16), and this is true also of the bis(silyl) amides.
A striking recent example is in the synthesis of Ge[CH(SiMeg)z]; from Ge[N-
(SiMes)z]e (17), particularly because germanium(II) halides are not suitable
precursors.

Results

Tin(II) Amides: Preparation, Characterization, Structure, and Bonding.
The compounds were obtained by the conventional procedure shown in Reactions
1and 2 (X = MesSi, MesGe, EtsSi, EtsGe, or PhgGe). [HNX; compounds were
kindly provided by P. Riviére and M. Riviére-Baudet.]

nBuLi + HNX, EL"&C@‘-‘» LiNX, + CHi o
9LiNX, + SnCl, ﬁ'—,g» Sn(NXy), + 2LiCl ©@

Yields and physical data are summarized in Tables I and II, and more details on
cryoscopic molecular weight data are in Table III; we note that with cyclohexane

Properties of Tin(II) Amides

Mp Bp 'H NMRa V{M—N ¢
¢C) (C/mm Hg) () (em™
37-38 84/0.04 9.6 400w
35-317 70/10°3 9.61 406w
150/1072 8.8 complex 411w, br
150/10-3 8.79 complex 412w, br
2.69 brd
150 (dec) 90/103 9.53 388w
150 (dec) 100/103 9.55 380w

¢ As neat liquid.
dIn part from Ref. 5.
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Table II. Analytical and Molecular Weight Data for Tin(II) Diamides

Molecular
% C % H % N Weight
Compound Calc. Found Calc. Found Calc. Found Calc. Founda

Sn[N(SiMe,),], 328 328 83 81 64 6.2 4385 4400
Sn[N(GeMe,),], 23.3 233 588 575 454 4.6 617.4 630

Sn[N(SiEt,),], 47.4 475 9.96 101 4.7 4.8 607.6 650
Sn[N(GeEt,),], 36.7 37.1 7.7 7.8 3.56 3.62 785.8 850
Sn[N(GePh,),], 63.5 63.3 4.44 4.6 206 196
Sn(CI)N(SiMe;), 229 227 58 55 44 44 dimer
Sn(CI)N(GeMe,), 17.85 17.9 4.49 4.6 3.47 3.4

aCryoscopy in cyclohexane.
Cryoscopy in benzene.

as solvent very substantial freezing point depressions are observed and the margins
for error are therefore quite small.

The compounds are monomers in vapor and solution and, as deduced from
(a) the low boiling points [e.g., compare Sn{N(SiMes)z}s, b.p. 84°C/0.04 mm Hg
and Sn(NEty),, b.p. 90°C/0.05 mm Hg, which have M = 440 and 406, respec-
tively], and (b) less definitively, by mass spectrometry when the parent molecular
mono cation is the ion at highest m/e. Attempts are in progress to obtain x-ray
(18) and, for the vapor, electron diffraction (19) data. By analogy with the solid
state structure for [Sn{CH(SiMes)als]e (17), it is likely that the diamagnetic
crystalline diamide will have a similar structure; schematic representations for
bonding and structure in the monomer III and dimer IV are therefore (X = MesSi,
MesGe, EtsSi, EtsGe, or PhgGe):

N 2

Sn<<® X,N—Sn Sn—NX,
XzN/ X.N 4 W
sp.py hybrid orbitals Bent Sn—Sn double bond
P, orbital vacant
III, Monomer (solution or vapor) IV, Dimer (crystal)

Table III. Molecular Weight Data for Two Divalent Tin Amides by
Cryoscopy in Cyclohexane

Molality by Cryoscopic

Compound ATa Weight Molalityb.c
Sn[N(SiEt,),], 0.54 0.0282 0.027
Sn[N(GekEt,),], 0.68 0.036 0.034

24 AT = freezing point depression in degrees.
bIn cyclohexane.
¢Cryoscopic constant, k for cyclohexane = 20.
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Tin(II) Amides: Chemical Properties. These are classified in Figure 2
for Sn[N(SiMes)z]s. This compound’s electron-rich character, as indicated by
He(I) photoelectron spectra (12) and monomer structure III, is well illustrated
by its tendency to act as a Lewis base or substrate for oxidative addition. On the
other hand, unlike its carbon isoelectronic analog Sn[CH(SiMes)z); (4), we have
been unable to detect significant Lewis acid character; for example there is no
evidence for coordination with pyridine whereas the dialkyl forms a white
crystalline 1,1-adduct although even this dissociates upon warming in vacuo.
Further the tin(II) amide does not form (but see Ref. 20) a complex with a,a’-
bipyridyl (bipy) at 0°~20°C (although there is a reaction with o-phenanthroline).
The metathetical exchange reactions with protic compounds, insertion of het-
erocumulenes, and ligand exchange reactions are found with a wide range of
metal dialkylamides [as first shown for a tin(IV) compound MesSnNMe;, (13)]
because the nitrogen centers act as nucleophiles; hence, apart from the last re-
action type (to a limited extent only) the others are not found for the dialkyl (4).
However, the photo-induced disproportionation is common to the two systems
(6, 8).

Qualitative differences in the chemical behavior of Sn[N(SiMes)z]e and
Sn[CH(SiMe3)s]2 (21) are attributable either to the relative ease of fission of the
Sn-N or Sn—C bond (N > C) or (cf., reactions with N-bases) the electrophilicity
of the tin center (C > N). Thus, whereas the Sn-N bond in the amide is readily
cleaved by a wide range of C-, P-, O-, S-, Hal, or metal-centered protic reagents
(Figures 1 and 2), under similar conditions the alkyl (21) only reacts with HHal
or some metal hydrides—e.g., [Mo(7-CsHs)(CO)sH]—and then affords the tin(IV)
products of oxidative addition. Quantitative differences show themselves in (a)
the greater nucleophilicity of the alkyl [cf., the trend in first ionization potential,
SnR, > Sn(NR’3), (12)] and (b) the higher propensity of the alkyl to undergo
oxidative addition, especially with an alkyl or aryl halide (22). Asan illustration
of (a) we cite the different reactions of amide or alkyl with [PtCly(PEts)]s (vide
infra) and the fact that RySn complexes of Rh(I) and Fe(I) have been obtained
(21), [RhCI(PPhg)2(SnRs)] and [Feg(n-CsHs)2(CO)3(SnRy)] whereas there was
no reaction under similar conditions between the amide and [RhCl(PPhg)s],
[RhCI(CoH4)(PPh3)s], or [Feg(n-CsHs)o(CO)4).  Factors responsible for these
differences between Sn[CH(SiMegs)s] and Sn[N(SiMes)z]s include (a) electro-
negativity (N > C), (b) Sn-X bond polarity (N > C), and (c) w-bonding effects,

CH, Cl QP\I\z
i _ : nGH,,
CH.\ Pd\ /Pd - /CH + 2Sn[N(SiMe,),], 25,6"
CH, Cl CH,
CH, Cl
2 CH.‘\ Pd 3)

Y \ .
CH, Sn[N(SiMe;), ],
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especially N—Si (p —d). The properties of the tin(II) amide may also now be
compared with those of the few other tin(II) organic compounds known, namely
Sn(CsHj)s or Sn(acac); or related derivatives (23).

Lewis bases are well known to cleave many di-u-chloride bridged binuclear
complexes, and this feature is also noted in Reaction 3.

Photolysis of [W(CO)g] and the tin(II) amide in n-hexane or benzene for
40 hr at 20°C yields the monostannylene derivative [W(CO)sSn{N(SiMes)a}2].

Sn[N(SiMes)z]2 behaves as a substrate for oxidative addition as shown in
Reaction 4, where insertion into the Pt-Cl bonds is favored over bridge cleav-
age.

EtsP Cl Cl
. CeH
/Pt Pt + 2Sn[N(SiMe;),], l?;c—’

Cl Cl PEt,
\%

Cl
Et;P Cl\ /Sn[ N(SiMej), ],

\Pt/ Pt “@

/
ClSn- \Cl/ \PEt3

[N(SiMe;).],

Under similarly mild conditions the tin(II) alkyl reacts with the same diplatinum
reagent (V) to give the product of insertion as well as bridge cleavage
[PtCI(PEt3)(SnRz)(SnRoCl)] (21).

Reaction of an alkyl or aryl halide, R’X, (1 mol) in n-hexane with the tin(II)
amide (1 mol) gave the 1:1-tin(IV) adduct, VI, shown for R’X = Mel or PhBr.
'H NMR spectra of VI showed a singlet MesSi signal, indicating either a planar
heavy atom environment about each N (NSigSn) or an energetically facile in-
version at N. Thus, the corresponding carbon compounds, Sn[CH(SiMes)o)o(R)X,
showed two diastereotopically distinct MesSi 'H signals (22). The bromobenzene
reaction was catalyzed by the addition of <0.05M bromoethane.

(MeSSi)zN\ /N(SiMe;;)g
Sn
7

N
.,

R’ X
VI

The products of the reaction with benzenethiol in benzene were identified
as hexamethyldisilazane and the tin(II) benzenethiolate [Sn(SPh).], (25).

Photolysis experiments in n-hexane at 20°C led to the formation and ESR
characterization of two new tin-centered radicals, VII, which on the basis of their
hyperfine splitting constants (Table IV) are found to be pyramidal. [These ex-
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periments were carried out by M. J. S. Gynane.] When RgM’ was relatively bulky
(EtsSi or PhsGe), the radical was not formed.

N(M'Ry),
M), N M’
(M), \SI NOTRy),
n

vii
[RsM’ = Me;Si (6), Me,Ge,
or Et;Ge]

Analytical and spectroscopic data and yields on the new compounds are
shown in Tables I-V. Data are also provided in the experimental section on at-
tempts to prepare and characterize [Sn(NRg)z]x (R = i-Pr or Ph) and [Sn(N-i-
Pry){N(SiMes)a}]y.

Table IV. Parameters of the Tris(amido) Radicals (ESR)*

Radical g a(N)b aM)d
e 317.6 ("'"Sn)
SnN(SiMe,),1,¢ 1.9912 1.09 {Sire v
$n[N(CMe,)(SiMe,)] 1.9928 1.27 -
Sn[N(GeMe,), ], 1.9924 107 —
Sn[N(GeEt,). . 1.9939 119 —

@These have t1, > ca. 1 month at 20°C except for én[N(CMeS)(SiMeS)] 3 (8) (ca. 5 min).

bIn mT = milliteslas.
¢From Ref. 6.
dFrom Ref. 8.

Table V. Analytical and Spectroscopic Data on Derivatives of
Sn(NR2)2 (R = Me;;Si)“

% C % H % N
Compound Calc. Found Calc. Found Calc. Found
[W(CO),Sn(NR,),]? 276 266 4.83 4.3 3.51 3.73
[Pd(Cl)(m-allyl)Sn(NR,), ] ¢ 289 274 6.17 6.64 4.2 4.5
Sn(Me)I(NR,),4 26.8 26.9 6.7 6.88 4.83 4.85
Sn(Br)Ph(NR,), ¢ 36.2 364 693 6.85 469 4.74

[Pt(CI)(PEt,) {Sn(NR,),Cl} ],/ 26.2 26.1 6.24 6.27 3.39 3.27

a4 'H NMR (7) in CgH, or CDCI, for compound c; IR as Nujol mulls, except for com-
pound b (C,H, ,); all crystalline; yellow for compounds b, ¢, and f or colorless.

byco) (cm™) 2073m, 1969s, 1958vs, 19315, sh; 'H NMR (7) (Me,Si) 9.59.

¢'H NMR (7) (m-allyl) 4.96m, 6.88d of d; (Me,Si) 9.72.

d”(Sn-N) (cm™) 4115, 871s; v(sn-c) (cm™) 535s; 'H NMR (7) (Me,Si) 9.54; (CH,) 8.83.

€v(sn-N)(cm ™) 4125, 372s; (gn.c) (cm ™) 465w; 'H NMR (7) (Me,Si) 9.6.

f”(Sn-N) (em™) 405s, 370s; v(gn-cy) (cm ™) 305s; 'H NMR (7) (Me,Si) 9.3.
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Experimental

Since all the tin(II) and tin(III) compounds are exceedingly air and moisture
sensitive, Schlenk tube and vacuum line manipulative techniques were used
throughout. Compounds were thus handled in vacuo or under dry and anaerobic
conditions at ambient Ny or Ar pressures.

Preparation of the Tin(II) Amides. Bis(trimethylsilyl)amidolithium
monoetherate was added slowly to a stirred suspension of anhydrous tin(II)
chloride in a 2:1 molar ratio and gave an immediate reaction with precipitation
of white lithium chloride and formation of a yellow solution. For R = MegSi
or MesGe, the yellow color disappeared with further stirring; only after half the
lithium amide was added did the yellow color persist. After stirring at room
temperature for 2 hr, the ether was removed in vacuo. The tin amide was ex-
tracted with n-hexane, and filtration gave an orange solution. Removal of vol-
atiles under vacuum and distillation of the residue in a molecular still gave the
tin(II) amide.

Bis[trimethylsilyl (or germyl)Jamidochlorotin(IT), SnC(NRzXR” = Me3Si
or MesGe). Bis[trimethylsilyl (or germyl)]amidolithium monoetherate and
anhydrous tin(II) chloride (equimolar proportions) reacted similarly in diethyl
ether at 20°C. At first the reaction mixture turned yellow, but after several
minutes the color was discharged. After 3 hr stirring at 20°C, the solution was
filtered, and volatiles were removed. Extraction with toluene and repeated
recrystallization from toluene/n-hexane yielded the product as colorless crys-
tals.

Preparation of the Stannylene Complexes. Photolysis of an equimolar
mixture (0.5 g) of hexacarbonyltungsten(0) and bis[bis(trimethylsilyl)amido]tin(II)
in n-hexane (20 cc) for 40 hr using a medium pressure mercury lamp led, after
removal of excess [W(CO)g] by filtration of a cooled (—78°C) solution and re-
duction in volume of the filtrate to ca. 2 cc, to yellow crystals of penta(car-
bonyl){bis[bis(trimethylsilyl)amidostannylenejtungsten(0); these were filtered
at —78°C, and were recrystallized from n-pentane.

1:1-Addition, on a 1-mmolar scale, of bis[bis(trimethylsilyl)|Jamidotin(II)
in n-hexane to a suspension of 7-diallyl-u-dichlorodipalladium(II) in n-hexane
gave an immediate reaction; the yellow crystalline 5-allyl(chloro){bis|bis(tri-
methylsilyl)amido]stannylenejpalladium(II) was obtained after filtration and
concentration of the filtrate. It was purified by recrystallization (n-C¢H14/
CeHsMe).

Oxidative Addition Reactions. Using the procedure described above for
the palladium(II) experiment, reaction of the diplatinum(II) compound (1 mol)
and the tin(IT) amide (2 or 4 mol, in separate experiments) on a ca. 1-mmolar scale
in n-hexane gave pale yellow crystals of bis[(triethyphosphine){chlorobis|bis-
(trimethylsilyl)amido]stannyl}]di-u-dichlorodiplatinum(II).

Interaction of methyl iodide or bromobenzene (1 mol) and the tin(II) amide
(1 mol) in n-hexane (ca. 1 M) at 20°C gave a reaction whose rate depended upon
the nature of the halide, requiring ca. 0.2 hr or ca. 5 days for Mel and PhBr, re-
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spectively. For the latter, the presence of ca. 0.05M EtBr resulted in the reac-
tion’s being essentially complete after 18 hr. There was no catalysis by [n-
BuyN]*I~ or SnBr[N(SiMeg)z]oEt. The reaction rate was followed initially by
the disappearance of the color of the tin(II) amide but later also by 1H NMR.
Removal of volatiles at the end of each of these reactions at ca. 20°C/10~3 mm
Hg afforded principally the 1:1-adduct, purified by distillation or sublima-
tion.

Reaction with Benzenethiol. Reaction of the thiol (2 mol) and the tin(II)
amide (1 mol) in benzene (ca. 1M ) instantly produced a yellow solution. Removal
of solvent in vacuo gave the tin(II) dithiolate (found: C, 43.1; H, 2.97. calc. for
C24H2(]S4Sn2: C, 42.7; H, 2.99%).

Photolysis Experiments. Each tin(II) amide Sn[N(M'Rg)s]s (RsM’ =
MesGe, Et3Si, EtsGe, or PhsGe) in benzene (ca. 1M) was irradiated in the cavity
of a Varian E3 ESR spectrometer, using high microwave power (e.g., 50 mW)
and high modulation amplitude (e.g., 0.5 mT). A strong ESR signal characteristic
of Sn[N(M'R3)s]s (RsM’ = MesGe or EtsGe) (Table V) was noted in all except
two experiments (RsM’ = Et3Si or PhyGe), being a septet showing high field 117Sn
and 119Sn satellites, which overlapped to give a 10-line pattern; the relative in-
tensities were consistent with the overlapping of the fourth line of one septet with
the first line of the other. A computer simulation of the two binomial septets
(splitting a, separation 3a) was in agreement with the spectrum obtained; septet
structure was not found on the low field 117Sn line. A line of 47.7 mT was as-
signed to the low field satellite of 117Sn.

Attempts to Prepare and Characterize [Sn(NRg):)x (R = i-Pr or Ph) and
[Sn(N-i-PrafN(SiMes)}]. Addition of two equivalents of LiNRy (R = i-Pr or Ph)
to one equivalent of SnCl; in diethyl ether at —78°C and subsequent warming
to 20°C gave a colored solution. Removal of solvent yielded an oil (brown for
R = i-Pr or red for R = Ph), which was soluble in aliphatic and aromatic hydro-
carbons for R = i-Pr, but for R = Ph soluble only in aromatic solvents. IR showed
a medium intensity band assigned to v,5ym(SnNy) at 370 (R = i-Pr) or 390 (R =
Ph) cm™!, and 'H NMR showed resonances for R = i-Pr (in CgHg) at 7 8.60/8.71
(doublet) and 6.64 (septet), and for R = Ph (in cyclo-CgH ) at 7 2.84 (singlet)
and 3.69 (multiplet). '

Similarly, from equimolar amounts of SnCI[N(SiMes)s] and LiN-i-Prs a
brown oil was obtained, with v(snn;) at 400 (weak) and 369 (medium) cm~! and
TH NMR (in benzene) at 7 8.6/8.7 (doublet) and 6.62 (septet) and (SiMeg) at 7
9.63.
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This paper deals with some aspects of organotin alkoxide and
amine chemistry, mainly centered on the work done in Bor-
deaux. The first part includes some new preparations of orga-
notin alkoxides and some of their properties: exchange reac-
tions in organometallic chemistry, nucleophilic substitution ei-
ther internal (with halides or oxiranes) or intermolecular (a-
haloketones, alkylation of enolates), and finally oxidation to
carbonyl derivatives. The behavior of organotin amines in nu-
cleophilic displacement of a-haloketones and organic diha-
lides is investigated. They undergo either substitution or ad-
dition with carbonyl derivatives, depending on electronic and
steric factors. An extension of these reactions to organotin
enolates affords a route to organic enamines or, more inter-
estingly, to organotin enamines. Some new preparations of
this last class of compounds are reported.

his review discusses some aspects of organotin (alkoxide

and amine) chemistry mainly centered on the work of the Bordeaux group
during the past five years and does not claim to be complete, the references cited
being only examples. In particular, work done before 1970 has been omitted
since it was been the subject of other papers or books (1, 2, 3, 4, 5, 6, 7).

Introduction

Organotin derivatives of alcohol and amines exhibit special properties owing
to two conflicting factors:

(1) Formally they are metal alkoxides or amides, the nucleophilic character
of the oxtygen or nitrogen being enhanced, as in the corresponding compounds
derived from Group I or II metals.

(2) The electropositive nature of tin is quite low among metals, and, con-
sequently, bonds involving oxygen or nitrogen are rather covalent and exhibit
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special reactivity. They are covalent in physical properties, they are generally
liquids or low melting solids, and they may often react neat.

The reactions reported here relate to both these properties. A striking and
general observation is that although they behave like their more electropositive
analogues, they are less reactive and, therefore, often much more selective.

Organotin Alkoxides

Preparations. Depending on the final use of alkoxide, different methods
of preparation may be used. To take advantage of the alkoxide properties (which
is generally the case), the best and easiest route is that described by Davies et al.,
(8, 9, 10, 11) involving a fast and rapid reaction between the commercially
available organotin oxides and alkyl carbonates.

ReSnO + CO;R’ — 2R,SnOR’ + CO,
RSn0 + CO;R, — RSn(OR'), + CO,

From these tin alkoxides, other compounds containing tin-oxygen bonds
can be prepared using a transalkoxylation or a transesterification procedure (see,
for example, Refs. 12, 13, 15, 16, 17, 18, 19, 21, 22, 23):

=SnOR’ + ROH — =S8nOR + R'OH
=SnOR’ + AcOR — =SnOR + AcOR’

In the past few years, other methods have been reported but mainly with
interest in the organotin compound itself: (1) the metathesis between a metal
alkoxide and an organotin halide (24, 25, 26), (2) reaction between tin oxides and
alcohols (10, 27, 28) (particularly efficient for high boiling alcohols), and (3) al-
coholysis of organotin amides (14, 20, 29, 30, 31).

Other miscellaneous methods have been reported in special cases using an
interfacial technique (32), disproportionation (33, 34), the ring opening of oxiranes
(85, 86), and reactions of magnesium alcoholates with dialkyltin oxides (37). A
new and very convenient method was found here (38) for preparing trimethyl-
and dimethylphenyltin alkoxides based on an exchange between the easily
available tributyltin alkoxides and the corresponding organotin bromides. For
example:

Bu,SnOR + Me;SnBr —» Me;SnOR + Bu,SnBr
(R = Me75%; Et : 80%)
Bu;SnOMe + ¢Me,SnBr —> ¢Me,SnOMe + Bu,SnBr (80 %)
It seems probable that the more efficient coordinating ability of the final organotin

alkoxide provides the driving force for this type of reaction. Although tributylin
methoxide is involved in the exchange of the methoxide groups observed by NMR
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(10, 39), no evidence of coordination appears in its IR (41), whereas a strong as-
sociation was found in the case of the trimethyltin analogue (40). This brief
overview of the different preparations of organotin alkoxides shows that such
compounds are easily prepared either to study their own chemistry or for syn-
thetic purposes.

Exchange Reactions: Use in Organometallic Chemistry. According to
the Pearson theory, tin is a softer acid than silicon or germanium and thus links
preferentially to soft bases. Accordingly, many exchanges involving the final
formation of a silicon or germanium-oxygen bonds have been reported such as
with M-X (X = halogen), M-S, M-N, or even M-H (M = Si or Ge).

Since our initial discovery (42) of the exchange between tin alkoxides and
chlorosilanes,

=SnOR + =S8iCl — ==5n(Cl + =S8iOR

many applications of this reaction have been applied to the preparation of a va-
riety of organosilicon or germanium derivatives (43-55). Many of these reports
deal with the preparations of organosilicon or germanium enolates from the
corresponding organotin derivative. An extension of these reactions to other
heteroelements like sulfur (49, 56, 57) or nitrogen (58) may also be found in the
literature.

During the past five years, our interest in this aspect of organometallic
chemistry has been concentrated on the mechanism of the exchange between
silanes and organotin alkoxides, a basic reaction for the preparation of organotin
hydrides (44, 59, 60, 61, 62).

R,SnOR’ + R”SiH — R,SnH + R”,;SiOR’

Optically active organosilicon hydrides were used to study isotopic and
substituent effects on the rate of reaction. The results (63, 64, 65) show a net
retention of configuration at the silicon center, a positive primary kinetic isotopic
effect, and a high activation entropy. Furthermore, the rate enhancement by
either electron withdrawing groups on the silane or electron releasing groups on
the organotin compound is in accordance with a rate determining step in which

kl 'y
=Si—H + =Sn—OR —— ESn—?—R Y, =gn—H + =Si—OR
k_, _ 2
=Si—H
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the incipient O-Si bond is more developed than the Sn-H bond. These facts
agree with either an Sn;-Si mechanism (1) or with a two-step mechanism via an
unstable pentacoordinated silicon intermediate occuring between two transition
states of comparable energy (2).

Nucleophilic Substitution at a Carbon Center. Organotin alkoxides act
as nucleophiles toward organic and organometallic halides. However, with alkyl
halides their reactivity is quite low (66) since good yields are only obtained with
the more reactive halides (allylic or benzylic derivatives). However, in some
cases this reaction is synthetically useful such as with chloromethylethers (55),
tosyl chloride (23) sulfamoyl chloride (96), acid chlorides (69, 70, 67), cyanogen
chloride (71), thyonyl chloride (72), phosgene (73), etc.

Intramolecular Nucleophilic Substitution

Organotin Halogenoalkoxides. The general scheme of this reaction is an
intramolecular substitution leading to an oxygenated heterocycle:

RSn—O0——X —» RSnX + 0 )

The starting organotin alkoxide can be readily obtained from tributyltin
methoxide and the corresponding halohydrin:

R;SnOMe + HO~~—X — R;Sn—O0~—~X + MeOH

These alkoxides are generally thermally unstable and decompose at various
temperatures depending on ring size of the product heterocycle, the nature of
the halogen, the substitution of the carbon bearing the oxygen and, in some cases,
the configuration of the molecule (74).

For oxiranes (75), some interesting features have been observed: the re-
action is completely a stereospecific process:

BusSnBr
40°C +
Me—CH—CH—Me ——> Me—CH—CH—Me
30min
Bu;SnO Br 0
erythro trans-90% (+10% of ketone, see below)
meso cis-90% (+10% of ketone, see below)

The necessity of this condition is demonstrated by the following examples taken
from the cyclohexyl series (76):
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Br
yH v, %(\) + Bu,SnBr
30 min 827
0
BN

Sn Bu;;

Br
0
H o k/
0OSnBu, ao—m.: + Bu,SnBr
‘ 7%

H

The former reaction proceeds via a nucleophilic intramolecular displacement
by the oxygen:

ESn-—QI'/

The latter by a hydride migration:

When the antiposition is substituted as in the example shown below, a
transposition occurs leading to a reduction in ring size.

X
RZ()ES“E = D v Qo v ma
Me Me
X =Cl:40% 20%
X = Br:80% 0%

The hydride migration is a much more energetic process than the formation
of oxiranes, and thus the decomposition of the halogenalkoxides at high tem-
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peratures leads to a mixture of oxiranes and ketones while formation of the latter
can be avoided by using milder conditions:

s0°c Me—CH—CH, Me—(ﬁ—Me

+
30 min 0 0
Me —(|3H—CH2Br 80% 20%
Bu;Sn0O ~_ °c Me—CH—CH,
3hr \O/
100%

Obviously, the latter conditions are more favorable for synthetic purposes.

The study of this type of compound also shows clearly the influence of the
substitution of the carbon bearing the oxygen; the more extensive the substitution,
the easier the decomposition of the corresponding alkoxide. For example, for
total reaction in 30 min, the organotin derivative of 1-bromo-2-propanol needs
to be heated to 150 °C, whereas the derivative of 1-bromo-2-methyl-2-propanol
is decomposed at temperatures as low as 70 °C. This fact parallels the nucleo-
philic character of the oxygen and corresponds to the situation observed in all
the cases which have been studied.

A further important factor on the relative ease of the reactions is the nature
of the halogen. Two striking examples taken in the cyclohexyl series are given

below:
OSnBuj;
C( 20, 0 + BuSnCl
30 min

Cl
91%
OSnBu,
C( Lo, O:O + Bu,SnBr
30 min
Br 82%

Considering these observations, the hydride migration and the effect of the
halogen on the rate of the reaction, it is expected that side reactions will occur
more readily with the chlorine derivatives. Thus, for synthetic purposes, it is
better to start with a bromoalkoxide.

The case of the 3-haloalkoxide is of particular interest since it provides a very
useful and sometimes unique route to oxetanes (77, 78):

| ]
=$n—0—C—C—C—X — =$nX + []
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The following examples are typical:

OSnBu, 150°C o
i 88%
30 min

CH,CH,Br

°C
Bu,SnOCH,C,H;CHCH,Br ———» cﬁH..,—<>o + CH,CH—CH,
30 min N 7
90% =P

The latter reaction is significant since this oxetane is generally difficult to
obtain because large amounts of styrene form readily. 3-Halogenoalkoxides can
also be prepared from organotin oxides by a transesterification procedure anal-
ogous to that published by Matsuda et al. (79); their decomposition normally gives
the corresponding oxetane (80).

An identical decomposition occurs with 4- and 5-haloalkoxides leading to
tetrahydrofuranes or tetrahydropyranes (81), demonstrated by the following
examples:

°C
Bu,Sn— O(CH,),Br —— o(j + Bu,SnBr
30 min
8%

Bu,Sn—O(CH,)Br —2<+ O ) + Bu;SnBr
30 min
90%

0}
Bu;Sn—O—QBr ¢, Q + Bu;SnBr
30 min

Other reactions based on this idea were studied with polyhaloalkoxides which
lead to a-halogencarbonyl compounds via a halogenoxirane (isolated in the case

of the chloride) (82):

e M M
e €.
o, \
Me— CH—CHBr, 225 | c—cHBr | — C(Br)— CHO
30 min / \ / b
Me 0 Me
OSnBu, 4%

Other heterocycles may also be formed by either geminal or vicinal di-
bromides reacting with organotin dialkoxides (83). This route is less easy than
the preceding ones although it provides a sometimes useful access to certain
dioxanes or dioxolanes:
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©,
Bu,SnOCH,CH,OSnBu, + BrCH,CH,Br ~2%> 0 O + 2Bu;SnBr
48hr \ /
95%

. M/ ,
(Bu;SnOCH(Me)}- + BrCH,CH,Br % 0 0 + 2BuSnBr

Me Me
83%
Me
O——Me
190 °C /
[Bu;Sn—O0—C(Me)s}; + Br,CH, r CHz\
ays
OT—ME
Me
40%

These reactions are believed to proceed by a two-step mechanism via a halo-
genalkoxide intermediate.

Organotin Alkoxyoxiranes. We have found (84) another interesting and
clean intramolecular nucleophilic substitution involving the decomposition or
organotin (-alkoxyoxiranes. This reaction led to two different heterocycles
depending on the site of attack by the oxygen:

a, 0—5SnBu
O 3
a
BugSn— 0;;‘% 0—SnBu,
AN
b
0

The new organotin alkoxide formed can be readily transformed into the
corresponding alcohol by treating it with phthallic acid which precipitates the
insoluble organotin phthallate. The orientation of the reaction is mainly a
function of the substitution of the oxirane; if the terminal carbon atom of the
oxirane is less substituted than the internal one, the formation of the oxetane is
largely favored, but if it is equally or more substituted, a tetrahydrofurane is
formed.

These facts support a mechanism in which a positive charge is developed
on the carbons of the oxirane ring in the transition state. A representative se-
lection of results is given at the top of p. 90.
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0. Me
(Me),C—CH,— CH—CH, 223, Me 849
2) C,H,(COOH), (0]
OSnBu, HOCH,
0 Me Me
\ ° Me Me
(Me),C—C(Me),—CH—CH, 253 5%
- 2) CH (COOH), (0]
OSnBu, A HOCH,
Me M
l 1)190 °C, 3hr €
<j_>l—CHZ_C\_CH2 2) CH.(COOH), 0 80%
OSnBu, 0/ ’ CH,OH
Et Me Me Et Me
l 1) 190°C, 3hr Me——+—Me OH Me
Me),C—C(CH;)—C— +
( e)‘I C(CH,),—C—CH(Me) 2)CGIL(01TH): B0 e Me
OSnBy, Y CH,CHOH Me
5% 25%
75%
Me
OH
70°C, 3h
(Me),C— C(Me);— CH— CH(CH,) ~0C.3 _ Me 80%
| \ / 2) GH(COOH), Me o
OSnBu; 0 Me Me

These reactions present a convenient access to functionally substituted oxetanes
and tetrahydrofuranes and promise some important applications.

Intermolecular Nucleophilic Substitution

Synthesis of a-Alkoxyketones. The reactions of a-haloketones with the
alkoxides of electropositive metals lead generally to a Favorski rearrangement
according to various mechanisms. In organotin alkoxides, the nucleophilic
properties of the oxygen are more pronounced than its basic ones, and when they
are allowed to react with a-haloketones, they undergo a normal substitution
leading to a-alkoxyketones (68). The cleanest results are obtained with the
chlorine derivatives, whereas the bromoketones side reactions yield mainly a
2-hydroxy ketal. Some typical examples are shown at the top of p. 91.
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Cl OMe
<j=o + Bu,SnOMe %@» <:§=o + Bu,SnCl
r
68%
al OFt
<:§=o + BuSnOEt %» 0 + Bu,SnCl
51%
Cl OMe
E§=o + Bu,SnOMe %‘L [:§=o + Bu,SnCl
r
81%
Br OMe MeO_ _OMe
MeOH OH
O + Bu;SnOMe pryeg 0 + + Bu,;SnBr
r
36% 26%

These reactions provide a convenient preparation of a-alkoxyketones in cases
where a Favorski rearrangement is likely when using the alkoxide of a more
electropositive metal.

Alkylation of Carbonyl Compounds. The direct nucleophilic substitution
between organotin alkoxides and alkylhalides has been applied successfully to
organotin enolates. These compounds, which are easily obtained by various
methods (hydrostannation of a-enones, transesterification from enol esters),
undergo substitution with various alkyl halides giving monoalkylated products
in good yield (85, 86, 87). Organotin enolates exist as two metallotropic (C and
O) forms in equilibrium. However, no evidence has been found for a difference
in reactivity between the two isomers, and the form used in the text is that of the
more stable one, and thus even the C isomer will be considered as an alkoxide.

BuSnCH,COMe + IMe f’—;h%» FtCOMe  60%

80°C
Q%ﬁus + IMe EyTg 0  90%

Me

As with other bimolecular nucleophilic substitution processes, the steric
hindrance of the halide plays an important role, and the iodides tend to react more
readily than the bromides.
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. 80°C
Q%an;, + i-Prl Eyywe <}O 5%

i-Pr
Bu,SnCH,COMe + Bul %. BuCH,COMe  43%
I

Bu,SnCH,COMe + BuBr %°C, BuCH,COMe traces
16 hr

In no case does O-alkylation occur, and no polyalkylation is observed. In
fact, the problem of polyalkylation appears to be related to an exchange between
the initial enolate and the already alkylated compound leading to a new enolate
which is available for further alkylation:

5. g d

For tin (M = BugSn—), at least at 80 °C, the above reaction proceeded very
slowly, and the polyalkylation was almost completely avoided. A further in-
teresting aspect of this reaction is that it is completely regiospecific:

0—SnBu, + Et1 2% 0 6%
60 hr Et

Me Me
OSnBu, OSnBuy,
Me Me Me Me Me
+ Mel
Me
15% 85% 82% 18%
45% 55% 47% 53%

In the formation of aldehydes from enolates, good alkylation yields can be
obtained if the steric hindrance of the alkylated aldehyde is substantial enough
to prevent a side reaction involving its addition to the organotin enolate:

(Me),C—CHOSnBu, + IMe %» +BuCHO  86%
r

Et,C=CHOSnBu, + IMe %h‘i» Et,MeCHO  82%
r

BuCH=CHOSnBu, + IMe m—f. Bu—CHCHO  36%
14 hr

Me
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The alkylation of organotin enolates with various functionally substituted
organic halides has also been performed:

Bu,SnCH,COMe + BrCH,COOEt — MeCO[CH,],COOEt 50%
Bu,SnCH,COMe + CICH,OMe —> Me—C==CH, 60%
OCHZOMe

Q—osnm + MeCH==CHCH,Br —» Q:o 65%

CH,CH=CHMe

In summary, these reactions are very convenient synthetic procedures for
monoalkylation, and since the starting enolates are easily prepared, the method
can compete successfully with the more classical alkylation routes. Good al-
kylation yields can be obtained again via the organotin enolates by reaction either
in the presence of magnesium or lithium salts or after a metal exchange reaction
with a Grignard or organolithium reagent. In these cases, however, some po-
lyalkylation occurs and, whenever possible, the direct alkylation route is pre-
fered:

0
Me Me
Mel, DMF
OSnBu; + OSnBu, _M;l':—’ 75%
80°C,16hr 63%
Me Me 0
15% 85% Me
Me 2%
0
Me Me
20
Me %

Oxidation of Organotin Alkoxides to Carbonyl Derivatives

Our first investigations concerning this type of reaction (88, 89) involved
organotin alkoxides and polyhalomethanes which reacted in a free radical process
(initiated by either UV light or A.LLB.N.) to give the oxidation product in good
yields. Some examples are:
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UV, 80°C

CGH5CHQOSHBU3 + CHBr I's —_— CGH5CHO + BI'QCHZ + Bu,SnBr
61%
O%nBu3 + BrCCl, U—‘;i°_c> <:>=o + CHClL, + Bu,SnBr
r
0%
Uv,80°C
C¢H;MeCHOSnBu; + BrCCl, ———> CH,COMe + CHCL + Bu,SnBr
4hr 83 %
Uv,80°C
[>—CHMeOSnBu, + BrCCl, —— [>—COMe + CHCl, + BuSnBr
50%

The mechanism of this reaction appeared initially to involve abstraction
of the hydrogen on the functional carbon atom as a first step followed by the
elimination of an organotin free radical:

N

_CH—OSn= + Q —» >(':—0snE + QH

|

\C=O‘ + ==5n-

/

However, results obtained with the cyclopropyl derivatives (for example to give
a cyclic ketone) apparently contradicted this hypothesis. Indeed, our results from
the free radical reaction of tin hydrides with cyclopropyl ketones (91) show that
the open chain ketones obtained are formed through an intermediate stannyloxy
radical:

=Sn- + —c{] — ——c—<] Y\/ = Y\/\

OSn= OSn==

The postulated intermediates were the same in the two processes
( D—(E—OSn )

and, to gain insight into this point, we investigated the oxidation of the cyclopropyl
derivatives with di-tert-butyl peroxide. The results (90) show that the ketone
obtained is mainly the cyclic one but is generally accompanied by a small amount
of the open chain compound:
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Me—CIH—<] S Me—(ﬁ—<] + PrCOMe
0

OSnBu;
1% 29%
Me—CII—<k %;—»I ’,CB Me—(ﬁ{k + i-BuCOMe + BuCOMe
OSnBu; Me (0] Me
trans 87% trans 3% 10%
i 337cis 1% 8
o8 9% { 66%trans % %

These observations indicate that the cyclic ketone is the main oxidation
product, and, in the case of the cis-2-methylcyclopropyl derivative, an isomer-
ization occurs during the reaction while the open chain ketone is mainly the linear
one. The following scheme agrees with all the observations:

AN D = Y
OSn (|BnE OSn

lc

C—R + ==8n-

(I%

In the oxidation case, Reaction ¢ should be favored since no good hydrogen
donors are present in the reaction mixture (the only C-H able to act as a donor
seems to be the starting alkoxide itself). On the other hand the relative propor-
tions of the open chain ketones reflect the thermodynamic stabiility of the two
free radicals at equilibrium.

The situation is completely different in the tin hydride reduction since the
trapping of the radicals once formed is very rapid. The difference between the
two types of behavior is very clear if one considers the relative proportions of the
open chain ketone obtained:

SnH route
)}—(le— CH, o o
A 10
Me  OSmBu, _ . .. S0% %
cis N, 89% 11% (relative)
SnH route %59% 75 %
)>—(|3H— CH,
Me OSnBu;
trans N2 rove, 1% 23% (relative)
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In the tin hydride case, it was found that polar (trans-cyclopropylketone)
and stereoelectronic effects (cis-cyclopropylketone) direct the ring opening (92).
An ESR study was then designed in collaboration with A. G. Davies (University
College, London) to detect the first formed radical at low temperature. The
results (93) show that at =60 °C the photolysis of the organotin cyclopropylmethyl
alkoxide in the presence of (tert-BuO)g, leads to a ring opening, the cis compound
giving principally the secondary alkyl radical, and the trans only the primary
one.

These ESR results concur with the idea of the fast trapping of the initially
formed radical by the tin hydride and with an equilibration of the open chain
radicals in the absence of a good hydrogen donor via an unstable cyclopropyl-
stannyloxy radical, which in this case, decomposes into the cyclic ketone and a
tributylstannyl radical.

Two excellent reports have appeared recently in which the organotin al-
koxides are very useful intermediates. The first concerns the oxidation of cyclic
organotin dialkoxides with bromine which provides a very convenient route to
the acyloins (94):

ScH—o._ Nc=0
CH,Cl,

| /SnBu2 + Br, —— I

/CH—O /CHOH

+ Bu,SnBr,

The second procedure involves the oxidation by bromine of various triethyltin
alkoxides in the presence of triethyltin methoxide (95). For example:

Et,SnOMe

CHCHOSnEt, + Br, ——— CHCHO + 2EtSnBr + MeOH
81%

C.H,CHOSnEt, + Br, =™, ¢ H,CHO + 2ESnBr + MeOH
85%

The latter method, however, requires one mole of triethyltin methoxide just
to trap the hydrogen bromide. It is probable that this aspect of the reaction can
be improved, and that this process will then become a very popular oxidation
procedure.

Organotin Amines

Like the organotin alkoxides, organotin amines exhibit some quite interesting
properties. However, where it is possible to propose several easy preparations
of the alkoxides, this is not so for compounds having a tin-nitrogen covalent bond,
especially in the case of amino groups RoN where R = alkyl. The only universal
method consists of a transmetallation between a lithium or magnesium amine
and an organotin halide or oxide, and except in special cases, this method is the
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most commonly used (see for example 97, 98, 99, 100, 101, 102, 103, 104,
105):
RNM + R’,SnX — R’SnNR, + MX
(M = Lij, MgX)

Several other specific routes to the tin amines have been reported although
none is generally applicable. Among them, we would like to emphasize the
metatheses of organosilicon amines and organotin alkoxides (106), the direct
amination of tin halides by amines (107, 108, 109), and an interfacial technique
described by Carraher (110, 111, 112).

The first example of a primary organotin amine formed from sterically
crowded organotin compounds is also worthy of note (113, 114). For exam-
ple:

KNH,
t-Bu,SnC;H, —— ¢-Bu;SnNH,

In spite of the efforts made by several groups of workers (taking account
of the number of private communications of unsuccessful attempts) no significant
improvement has been found during the past five years. Thus the usefulness
of these compounds in synthesis is limited by their difficulty of preparation.
However, some properties of the organotin amines are sufficiently interesting
to be further studied, and others should be kept in mind until simple preparations
make these compounds more readily available. Our group has been involved
mainly in substitution and addition reactions, and we report here some of our
major results.

Nucleophilic Displacement. The reaction of organotin amines with or-
ganic halides has been investigated several times and reported as giving either
an elimination (115) or, in the more general case, a substitution (116, 117, 118,
119, 120, 121, 122). During the past five years we have applied this reaction
in two special cases: (1) reactions with a-haloketones and (2) reactions of stan-
nazanes with organic dihalides.

Reactions of Organotin Amines with a-Haloketones. The overall reaction
consists of a substitution of the halogen to form an a-amino ketone (123). For

example
on + BuSnNEt, — Q=o + Bu,SnCl

Cl NEt,
78%

Me—CO—CH,Cl + Bu,SnNEt, — Me—CO—CH,—NEt, + BuySnCl
53%

Me—CO—CHCI—Me + Bu;SnNEt, — Me—CO—CH—Me + Bu;SnCl

NEt,
607%
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Two special features have to be mentioned: (1) contrary to the case of
substitution with alkyl halides, all these reactions are exothermic: the experi-
mental procedure consists only of mixing the two components and distilling
immediately the product amino derivative, and (2) the initial step of the reaction
is an addition to the carbonyl group as shown by the disappearance of the C=0
vibration in the IR.

From this a mechanism in which the adduct decomposes into an unstable
oxirane giving the observed amino ketone by rearrangement can be drawn (124,
125, 126):

e
—C—C— + Bu$SnNEt, — —C—C— — C—C + BugSnX
|| | ] YA
X O X NEt, . (")
NEt,

However, the observation of the adduct does not indicate that it lies on the
reaction coordinate since it is conceivable that it may be the kinetic product of
the reaction:

—C—C— < —C—C— + Bu;SnNEt, — —C—C— + Bu;SnX

X NEt, X O Et,N O

OSnBu;

In fact, the pathway by direct substitution must be taken into account in the case
of 1-chloro-3-pentanone which gives 1-diethylamino-3-pentanone in high yield;
the formation of an intermediate oxetane is unlikely:

Cl—CH,—CH,— C—Et + Bu,SnNEt, —

0]
Et;N—CH,—CH,—C—Et + Bu,;SnCl

85%

It is difficult to choose between these two mechanisms since they would both give
the same product (if we admit that during the rearrangement the only migrating
group is the amino). For example, 2-chloro-3-pentanone gives 2-diethyl-
amino-3-pentanone as the only product.

However, these reactions seem to be very convenient for preparing amino
ketones since the above yields correspond to reaction from a stoichiometric

In Organotin Compounds: New Chemistry and Applications; Zuckerman, J.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1976.



Publication Date: June 1, 1976 | doi: 10.1021/ba-1976-0157.ch006

6. POMMIER AND PEREYRE Alkoxides and Amines 99

mixture of the reactants, and this can be improved by using a slight excess (0.3
M) of organotin amine:

0 + Bu;SnNEt, — O + Bu;SnCl 1/1:52%
13/1:76%

Cl NEt,

Reactions of Stannazanes with Alkyl Dihalides. We found that the two
tin-nitrogen bonds of the stannazanes can be substituted separately:

Et
(Bu;Sn),NEt + CH;CH,Cl — Buﬁn.—N/ + Bu;SnCl

CH,CH,
70%

Thus, with organic dihalides, it is possible to imagine first a substitution leading
to an haloalkylaminotin compound which by cyclization, as in the case of orga-
notin haloalkoxides, would give a nitrogen heterocycle:

BuSn—N—S8nBu, + X—~X — BuSnN—X —> BuSnX + Et—N )

Et Et

This reaction proceeds as expected except in the case of the 1,2-dibromoe-
thane where elimination was largely favored. Some problems arose in the case
of the 1,3-dibromopropane; it proved impossible to extract the corresponding
azetidine from the reaction mixture because of its strong complexation with the
organotin bromide.

In all the other cases (127), the expected heterocycle was obtained by a
continuous distillation of a stoichiometric mixture of dihalide and stannazane.
Some characteristic examples are shown below:

/Et

(BugSn).NEt + BrCH,— CH,—CHBr—CH, — [ 55%
Me

/Et

(Bu,Sn).NEt + Cl—CH,—CH,—CHCl—CH; — | N| 60%
Me

(Bu,Sn):NEt + Br(CH,)Br —>» CN—Et 65%

(Bu;Sn),NEt + Br(CH,)sBr — N—Et 60%
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Reactions with Carbonyl Derivatives. ORGANOTIN AMINES AND AL-
DEHYDES OR KETONES. Organotin amines are now well known to react readily
with carbonyl derivatives to give 1,2 dipolar addition (128, 129, 130, 131); this
property has been well studied in the case of isocyanates (132, 133, 134, 135, 136,
137, 138, 139, 140). For our part, we have investigated the behavior of organotin
amines with various carbonyl derivatives and found that the reactions are not
generally simple. An initial paper reports the reaction between organotin amines
and acetone as an aldolization owing to the basic properties to the nitrogen atom
(141). However, contrary to this, our preliminary experiments have shown that
the reactions with cyclohexanone and cyclopentanone led to the formation of
enamines, and with methyl tert-butyl ketone to an organotin enolate (142).

<:>=O + BusSnNEt, — <}—NEt2 + 1/2BusSn,0 + 1/2H,0

60%
O=O + Bu,SnNEt, — Q—NEL_, + 1/2Bu,Sn,0 + 1/2H,0
50%
Me—CO—¢-Bu + Bu;SnNEt, — Bu,;SnCH,— CO—¢-Bu
66%
CH, 60% + Et,NH
Bu3Sn—O—C\
t-Bu
33%

Lorberth (116) and Manoussakis (143) reported similar findings. To obtain a
greater insight into these reactions, we reinvestigated the reaction with acetone
itself and found a variety of very different results according to the nature of the
amino group involved (144).

Bu,;SnNMe, MeCOMe

CH;=C—Me; + Me,C=CH—C—Me + Me,C=CH—C==CH,

NMe, 0 NMe,
18% 32% 46%

Bu.SnNEt, =™ CH,—=C—Me, + Bu,SnCH,COMe

NEt,
62% 8%
Bu,SnNBu, OMe,_ cH,—C—Me
NBU2
94%
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Bu.SnN(CH,), —CMe, B, SnCH,COMe

10%

These different results were rationalized by complementary experiments (145)
which led us to conclude that beside the aldolization (observed only when a di-
methylamino group is used), two other mechanisms are available:

(1) When both the organotin amine and the carbonyl group are not very
crowded, an addition followed by elimination occurs leading to an enamine:

OSn=
Jc=0 + =si—N= — > — )—N= + [=S5n0H]

(2) In the other cases, the abstraction of an a-hydrogen occurs to give
an organotin enolate:

N
C=0 + =Sn—N= — \C=O == /\C—OSnE + =NH

§ S

H

[

The cases of cyclohexanone and 2-methylcyclohexanone illustrate this point
of view; the former gives an enamine, and the latter gives a tin enolate:

<:>=O + Bu;SnNEt, — Q—NEtl + Bu;SnOH

60%
on + Bu;SnNEt, — Q—osnm + Q—osnlaus + Et,NH
Me Me Me
45% 55%
74%

During this last reaction, the amounts of different isomers obtained were
45% and 55%, the major product corresponding to the more thermodynamically
stable isomer. The relative yields of the isomers do not agree with the predicted
orientation of the reaction by abstraction of the more acidic hydrogen. Infact,
under the experimental conditions used (140 °C, 15 hr), a mixture of the isomers
underwent isomerization in the presence of the starting ketone, as shown by the
following experiment:

OSnBuj; OSnBu, ? Me 0OSnBu; 0OSnBu,
Me Me aj/ Me Me

—_—
140°C.5hr

45% 55% 30% 70%
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The possibility that the minor product enolate was the major kinetic product
arose and was verified by performing the reaction following a modified experi-
mental procedure: the ketone was added slowly in vapor phase (argon stream)
to the organotin amine at 140°C, to avoid a large excess of the starting ketone.
At the end of the reaction, the organotin enolate isomers had the following relative
concentrations:

OSnBuy, OSnBuy,
Me Me
70% 30%
This experiment shows clearly that the kinetic product is the less substituted

enolate. The fact that this kind of abstraction is never observed for dibutyldi-
aminotin compounds, but only enamine formation is interesting (147).

Bu,Sn(NMe,), + Me—CO—Me —» CH,—=C—Me + Me.NH/ + BuSnO\

NMe,
52%
BU2SI](NM€)2 + <}O e Q—NM@ + MezNH/ + BuﬁnO\
Me Me
73%

STANNAZANES AND ALDEHYDES OR KETONES. Some addition reactions
of stannazanes with chloral or acetaldehyde had been reported by Davies et al.
(129) as leading to imines. We extended this process to various carbonyl com-
pounds and found (146) that the formation of imines is general and that, contrary
to the preceding case, no abstraction of hydrogen occurs:

(BusSn),NEt + <:>=O — C>=N—Et + BueSn,0

50%
(Bu;Sn),NEt + Me—CO—Me —> Me—C—Me + BueSn,0

NEt
52%
(Bu,;Sn),NEt + Q=O —_ Q(N—Et + BugSn,0
Me Me
45%
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We found also that this reaction procedes via an intermediate adduct which could
be trapped by reaction with acetyl-chloride:

(BusSn),NEt + OZO —

OSnBu, 0COMe
CH,00Cl1

N—=SnBu, N—COMe

Et Et

In these cases also, the steric requirements are important since hindered ketones
only give the imines in low yield (less than 20% for the methyl tert-butyl ke-
tone). :

ORGANOTIN AMINES AND a-ENONE COMPOUNDS. Some preliminary
results on the addition of organotin amines to conjugated carbonyl derivatives
were reported as a 3,4-addition pathway (148). For example:

NEt,
CH;—CH=CH—CHO + Et,SnNMe, — CH;—CH—CH— CHO

SnEt,

Following our studies of the reactivity or organotin amines with carbonyl de-
rivatives, we investigated more thoroughly these reactions, and found a quite
puzzling set of processes depending on the nature of the starting carbonyl com-
pound investigated (149). One representative example of each type of behavior
is outlined below.

Cinnamaldehyde: Formation of Enediamine. 1. The reaction proceeded
with the quantitative formation of a 1,2 adduct (observed by NMR) which
transforms slowly at room temperature to an enediamine with regeneration of
half of the initial cinnamaldehyde and formation of stannoxane:

/OSnBu;,
CeHs—CH=CH—CHO + Bu;SnNEt, — CH;—CH=CH—CH —

NEt,
C.H,—CH—CH=CHNEt, + 1/2BueSn,0 + 1/2CH,CH=CH—CHO

NEt,

With an excess of tributyltin amine, the enediamine is obtained in 75% yield.
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a-Methyl Cinnamaldehyde: Formation of Enediamine and Aminal.
II.

CH,—CH=C—CHO + 2Bu,;SnNEt, —

Me
Me

CsH,— CH=C—CH(NEt,), + CH;—CH—C=CHNE,

Me NEt,
II 85% 15%

45%

B-Methyl Cinnamaldehyde: Formation of Dieneamine. III.

CH;—C=CH—CHO + 2Bu;SnNEt, — C.,-H;,—(Ii—CH=CH—NEt2

Me CHZ
70%
I

Benzalacetone: Formation of Organotin Dienolate. IV.

CGHS—CH=CH_C_CH3 + Bu:;SnNEt/g -

CiH;—CH=CH— C—CH,SnBu; + CsHs—CH=CH——(I3=CH2

Bu;SnO
40% 60%

-V

60%
v

Benzalacetophenone: Formation of a Reversible 1,4 Adduct. V. This
reaction was exothermic and a 1,4 adduct was formed which was identified by
NMR. Any attempt at distillation decomposed the product into the starting
materials, which distilled together and reacted again in the receiving flask.

OSnBu;,
CH;—CH=CH—CO—CH; + Bu;SnNEt, == CH;—CH—CH=C—CgH;

NEt,
\
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Dypnone: Formation of Organotin Dienolate by Elimination. VI.

Me

CH,—C=CH— (|.|7—C6H;, + Bu;SnNEt, — CH,—C—CH=C—CH;

(0) CH, OSnBu,
8%
VI

Except in the case of abstraction of a hydrogen IV, most of the results can be ra-
tionalized in terms of a 1,4 adduct which is formed either by elimination of amine
(II1, VI) or via the 3,4 metallotropic form. Indeed, this last compound can either
give a 3 elimination V or add a new molecule of the organotin amine which is
followed by elimination I. For this last reaction, we proposed the following
mechanism:

SIIB113
=8SnNEt,
—C—CH=C—0Sn= <= —C—CH—CHO —®

NEt, NEt,

Sn= QSn=
—C—CH—CH —> —C—CH=CH—NEt, + Bu:Sn,0

Et,N NEt, Et,N

To verify this last hypothesis, we investigated the reactions of various organotin
enolates to see whether the carbonyl group of the C isomer was able to give normal
addition reactions.

ORGANOTIN AMINES AND ORGANOTIN ENOLATES. We have already seen
that organotin enolates exist in two metallotropic forms in equilibrium, the C
form having a carbonyl group which may be capable of reacting with organotin
amines. Reaction is effectively restricted to those cases where no severe steric
hindrance occurs in the C form of the enolates (derivatives of aldehydes and some
ketones) (151). This fact is indicative of the formation of a transient 1,2 adduct
which on decomposition gives an enamine:

~N ~ I _ ==SnNEt,

\OSnE l " 105 °C, 2hr
=Sn O
—C—C—NEt, — >C=C/ + =5n,0
NEt,
=Sn OSn=
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Table I. Some Enamine Preparations

Starting Carbonyl ' ]
Derivative CSn/0OSn, % Enamine Yield, %
PrCHO 5/95 EtCH=—CHNEt, 94%
C.H,,CHO 5/95 BuCH=—CH—NE, 65%
Me\
CH—CHO 5/95 Me,C=CHNEt, 16%
Me/
MeCOMe 95/5 CH,=(f——CH3 53%
NEt,
EtCOEt 30/70 — 0%

The enamine is formed even in the cases where no detectable C form is present
at equilibrium (by NMR). Some results are given in Table I. These results also
lend support to the mechanism we proposed in the reactions of organotin amines
with a-enones.

REACTIONS OF STANNAZANES WITH ORGANOTIN ENOLATES. When the
organotin amine is replaced by a stannazane in the preceding experiment, we
obtained the first example of an organotin eneamine instead of an organic ena-
mine.

OSn=

|
>'_OSHE + =Sn—N—Sn — —C—C—N—Sn= —>

|

==Sn

—C=C—N—Sn= + (or %) —(C—C=N— + ==SnOSn==

|
Sn

Under our conditions (150°C, 2 hr), the reaction occurs with the same restrictions
as the preceeding one regarding the steric hindrance of the organotin enolate
(150). However, by this method, we were able to prepare the organotin en-
eamines derived from aldehydes and some ketones. Some typical examples are
given below:

Et

Et—CH=CH — N— SnBuy,
78%

Et— CH=CH—OSnBu, + (Bu,Sn),NEt — 499
Et—CH—CH=NEt

Bu;Sn

22%
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Et

Bu— CH=CH—N—=5SnBuy,

86%
Bu—CH=CH—OSnBu, + (Bu;Sn),NEt —

Bu—CH—CH=N—Et

107

y 58%

Bu;Sn
14%
CH3—(|J=CH2
N
Et/ \SnBu3
Me—CO— CH,SnBu; + (Bu;Sn),NEt — 9% > 40%
CH,— (li—CstnBu3
N—Et
21%

Since this preparative route was rather limited, we investigated several other
possible routes. We found particularly that the metallo derivatives of imines
react with tributyltin chloride to give the expected derivatiyes; for example, the
reaction of tributyltin chloride with a lithium derivative of imine prepared either
from a lithium alkyl (150) or, more interestingly from a lithium amide (152). !

Bu—CH—CH=N—i-Bu

Bu,;Sn
. 33%
BuCH,CH—N—i-Bu 2224,
2) BusSnCl  By— CH=CH—N—1i-Bu
Bu3Sn
66%

Me— CH—CH=N—i-Bu

Bu;,Sn

. 60%
Me— CH,— CH=N —i-By 22N,

2) BusSnCl  Me— CH=CH—N—i-Bu

BU3Sn
40%

> 38%

> T0%
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Et—CH,—CH=N—i-Bu

Et—CH—CH=N—i-Bu

1) i-Pr,NLi
—

2) Bu,SnCl Et— CH=CH—N—i-Bu

Bu;Sn

53%

Bu;Sn
47%

> T8%

These are the reactions of tributyltin chloride with the magnesium deriva-
tives of imines under more special experimental conditions:

i-PrCH=N—i-Bu

i-PrCH=N—Et

Et,—CH=N—;-Bu

1) i-PrMgCl
—_—
2) BugSnCl

1) i-PrMgCl
_—
2) BuzSnCl

1) i-PrMgCl
—_—

2) BugSnCl

Me\ SnBu,
C=CH—N
Me i-Bu
2%
Me
\C—CH=N—i-Bu
M
€ SnBu,
28%
Me SnBu,
\C=CH—N
/ AN
Me Et
80%
Me
\C-—CH=N-——Et
Me/l
SnBu,
20%
Et SnBu
\ 3
C=CH—N
7 .
Et i-Bu
85%

Et
\C—CH=N———i-Bu
4

Et

SnBu,
15%

¢ 40%

28%

> 54%
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Although these two latter pathways are known to work more readily with

hindered imines while the reverse is true for the method via the organotin eno-
lates, we think we have developed a sufficient set of preparative routes to obtain
most organotin eneamines. At this time, studies of the metallotropic equilibrium
between the C and N organotin isomers and also of the reactivity of these com-
pounds are in progress.
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Reactions of Electrophilic Reagents with |
Tin Compounds Containing
Organofunctional Groups

JAMES L. WARDELL
University of Aberdeen, Meston Walk, Old Aberdeen, AB9 2UE, Scotland

This paper is concerned in general with reactions of function-
ally substituted organotin compounds with electrophiles. Spe-
cifically, reactions of sulfur substituted alkyl tin compounds
[R3Sn(CH),SR’ (n = 1-4) and R3SnCHXCH SR’ (X = CI, Br,
SCN)] are featured. The types of reactions undergone de-
pend on the situation of the sulfur with respect to the tin; (1)
for a-substituted sulfides, RsSnCHSR’, the most frequently
observed reactions are R-Sn bond cleavage and cleavage of the
tin-methylene bond; (2) for B sulfides, R-Sn cleavage and al-
kene elimination arise, and (3) in more remote situations with
respect to the tin, the sulfides-give products from both R-Sn
and Sn—(CHj),SR’ (n = 3) cleavage. The importance of the
organic groups, R, and electrophiles, EY, on the course of the
particular reaction is discussed.

Tin compounds containing organofunctional groups constitute a
small but important proportion of the total number of known organotin
species. Their number is steadily increasing as more synthetic routes become
established and representative examples of such compounds containing oxygen
(e.g., epoxides, ethers, and alcohols), sulfur (e.g., sulfides and sulfones), and
nitrogen (e.g., amines and nitriles) functional groups as well as halides have been
prepared (1, 2). Prime attention in these studies of functionally substituted
compounds has centered on their preparations and physical properties, with less
regard paid to reactions and relative reactivities. It is toward the latter aspect
of the chemistry of functionally substituted alkyl tin species that this article is
concerned. Furthermore, only reactions with electrophiles are considered.
Most reactions involving organotin species are cleavage reactions although
modifications of one functional group to another without cleavage of any tin-
carbon bond are certainly not rare (1, 2). Reactivity sequences of simple alkyl-
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and aryltins toward electrophiles have been established. Aryl-tin bond cleavage
is an electrophilic aromatic substitution reaction and so in general the more
electron releasing the substituents on the aryl group the easier is the latter’s
cleavage from tin, i.e., the reactivity correlates with the o+ substituent constants.
Deviations from a reactivity/s* sequence, however, can arise, e.g. aryl-tin bond
cleavage by iodine in carbon tetrachloride solution is an overall third order process
with the additional role for the second molecule of iodine modifying the accepted
electronic effects of the substituents (3). For cleavage of simple alkyl groups
from tin, reactivity sequences obtained have been shown to be variable. One
of the more important factors influencing the situation is solvent effects, e.g.,
iodination in nonpolar solvents results in the cleavage sequence i-Pr > Pr > Et
> Me, while the reverse trend holds in polar solvents. This change is a conse-
quence of different mechanisms; in nonpolar solvents, a cyclic four-center
transition state is obtained, while in polar solvents, an open transition state occurs
(4).

The position of vinyl, allyl, and benzyl groups (all in a sense functionally
substituted groups) in electrophilic cleavage sequences has also been established,
viz., Ph > PhCH; > Me; CH,CH=CH; > Ph; and Ph > CH;=CH > Me
[however the relative positions of the'vinyl and phenyl groups are apparently
reversed in reactions with sulfenyl halides (5)].

Generally for functionally substituted alkyltins, the electronic effects of the
substituent, in particular its ability to release or withdraw electrons, and its siting
in the organic group relative to the tin atom must be of great importance in de-
termining the reactivity of the organotin bond. In an « position, i.e., RsSnCH,Y,
the ability of the group Y to stabilize the carbanion, “CH.Y, or developing
carbanion in the transition state, must play the most significant role in determining
the cleavage reactivity of the Sn-CH,Y bond. Steric factors could perhaps also
be important. In positions other than alpha, i.e., beta and beyond, electronic
effects (and steric effects) will have a decreased significance. For 3 substituents
specifically, there is also the possibility of a reaction leading to alkene elimina-
tion.

Table I. Reactions of Cyanoalkyl- and Carboxyalkyltin
Compounds with Halogens¢

Compound Reagent Tin Product, Isolated Yield %
Pr,SnCH,CO, Et Br, Pr,SnBr, 90
Bu,SnCH,CH,CO,Me Br, Bu,Sn(Br)CH,CH,CO, Me, 90
Bu,SnCH,CN I, Bu,Snl
Bu,SnCH,CH, CN Br, Bu,Sn(Br)CH,CH,CN, 85
Ph,SnCH,CH, CN I, Ph,Sn(I)CH,CH,CN, 62
Ph,SnCH,CH,CH,CN I, Ph,Sn(I)CH,CH,CH,CN, 44

aData from Refs. 6, 7, and 8.
bYield quoted is for isolated fluoride, Ph,Sn(F)CH,CH,CH,CN
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Reactions of « and 8 cyanoalkyltin and carboxyalkyltin compounds with
halogens, studied by van der Kerk and Noltes (6, 7, 8), illustrate the basic situation
(Table I); reactivity sequences, YCHg > Bu; Ph > YCH2CH, (Y = CN, CO2R)
are found. The enhanced reactivity of the NCCH3-Sn bond is a consequence
of the (—M) electronic effect of the CN group which can stabilize any developing
negative charge on the a-carbon atom. [CH;—C==N <> CH;=C=N~"]. The
B-CN substituent cannot so stabilize the corresponding carbanion, CH;CHCN,
and so reaction occurs not at the Sn-CHyCH2CN bond but at the Bu-Sn bond
in the BusSnCHoCHoCN reaction. A similar argument holds for the COoR
substituted compounds.

It should not be inferred from these halogen reactions that consistent cleavage
reactivities should be anticipated from electrophilic reactions of organofunctional
tin compounds. It has already been pointed out that relative reactivities of simple
alkyl- and aryl-tin bonds can vary, and this is clearly true for sulfur-substituted
organotin compounds.

a-Substituted Sulfur Organotin Compounds

Reactions of RsSnCH,SR’ with electrophiles (EY) are shown in Scheme 1.
For R3gSnCH,SR’, in which R is an alkyl group such as Me or Bu, primary reaction
preferentially occurs at the Sn-CHoSR bond—e.g., in reactions of
BusSnCH,SCeH Me-p with HCI (9), of BusSnCHzSMe with Mel (10), and of
Me3SnCHoSCgH Me-p with HgCly, Bro, and I (11). The electronic effect of
sulfur (+M, —I, with the former dominant) results in an overall electron release;
however sulfur can stabilize an alpha negative charge—this had been attributed
to the use of its empty d orbitals but more recently is ascribed to sulfur’s polar-
izability. Hence cleavage of the Sn-CHSR’ bond in preference to simple
alkyl-tin bonds can be accounted for. The situation of phenyl vs. CH5SR’ is more
complicated and is shown in Table II along with some data for the corresponding
oxygen and selenium analogues. The data in the table give the percent of the
reaction giving Ph-Sn bond cleavage. The remainder, if any, of the total reaction
was accounted for and occurred at the Sn-CH3SR’ bond. Primary products
detected spectroscopically, however, could not always be isolated (12).

Some general findings from the reactions of PhsSnCHZR’ are: (1) only
phenyl-tin bond cleavage occurs in reactions of the oxygen derivative, (2) an
approximate balance between cleavage of the Ph-Sn and Sn-CH,ZR’ (Z =S, Se)
bonds is obtained in the halogen reactions, (3) sulfenyl halides only react with
the substituted alkyl group, and (4) HgCl; only cleaves the Ph-Sn bonds in all
Ph3SnCH2ZR’ compounds.

The rationale for 1 (above) is that oxygen, unlike sulfur and selenium, is
unable to stabilize the appropriate carbanion, CHyZR’, or its precursor in the
transition state. All three heteroatoms (O, S, and Se) are electron releasing and,
in the absence of any strong polarizability effect (as with oxygen), the operation
of this electron releasing effect alone would lead to destabilization of the carb-
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Table II. Percent of Reaction of Ph,SnCH,ZR' with Electrophiles
Leading to Phenyl-Tin Bond Cleavage (Z = O, S, Se)

Reagent/Solvent | Ph.SnCH,- Ph,SnCH,-  Ph,SnCH,-

Temperature, °C OC.H Me-p SC,H ,Me-p SeC H Me-p
Br,/CCl, 1 20° 1004 104 17a
I,/CHCI, i 20° 1004 644 21a
HgCl, /EtOH | Reflux 90% 87b 860
PhSCl/CCl, 1 20° 0 0 0

Reagent/Solvent 120°C
Compound I,/CHCl, L/ccl, I,/MeCOMe I,/MeOH
Ph,SnCH,SC,H ,Me-p 644 22a 13a 33a

Ph,SnCH,SC,H X-p/I,/CCl, 150°C
Percent NH, OMe Me tBu H Cl Br NO,
X, % 3 11 22 19 24 20 21 58

2Yields calculated from GLC.
bYields based on isolated yields.

EY et R,SnYCH,ZR' + RE
R,SnCH,ZR'’ @ py (direct n)
(b)
EY R,SnY + ECH,ZR'
E
, |, I E
RganszlR R,anH,ZIR R,SnCH,—7Z.
E—Y Y R’
v-
I II III
(c) Y attack at Sn (d) Y attack at the o carbon
— £+ E
R,SnY + [CH, + Z ] R,SnCH,Y + EZR'’
\RI
ECH,ZR'’

Z =0, S and Se; EY = electrophilic species; HgCl,, Br,, I,; Mel

Scheme 1. Reactions of RsSnCH3ZR (Z = O, S, Se) with electrophiles, EY
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anion, CHyZR’, and reaction at the phenyl-tin bond would then be antici-
pated.

The balance, observed in the halogen cleavage reactions of Ph3SnCH,ZR’,
is upset in reactions of PhsGeCH,SC¢H Me-p, MegSnCHoSCsH Me-p (only
metal-CHyoSCsHyMe-p cleavage in both cases), and (p-MeCgHy4)
3SnCH2SCgH Me-p (only p-MeCgH,4-Sn cleavage). Hence a reactivity sequence
R = p-MeCgH, > Ph > Me in p-MeCgH,SCH,SnRj is obtained. The variation
in products from each of the PhgSnCH,ZR’ compounds (Z = S and Se) in these
electrophilic reactions clearly means that much more has to be considered than
just the charge separations in the ground states of the relevant Ph-Sn and Sn-
CH,ZR’ bonds. Solvation effects and electronic demands of the various transition
states must also be considered. However, a major impact on the type of reaction
results from the coordination of the heteroatom, Z, with the electrophile, EY
(Scheme 1). In this scheme, complexes of charge-transfer (I) and oxidative ad-
dition (II) types are considered, as is the ionization of the latter to provide IIL
With each electrophile and solvent, the relative importance of I-1II in the reac-
tions will vary. As well as being routes to products proceeding via such com-
plexes, direct routes are also visualized. Both complex types I and II are known.
For example, with organic compounds and halogens, crystal structures have been
determined for (CHg)sSe:Io, (PhCHy)oS:Ig; C4HgOg:Bro (all of the molecular
complex type), and [(p-MeCgH,)oSe(X )2 (X = Cl, Br); (p-ClCsH4)2S(Cl)e] (oxi-
dative addition type) (13, 14, 15, 16), while in solution, equilibrium constants
have been calculated for iodine charge transfer complexes with sulfides and
selenides (17, 18, 19, 20, 21, 22, 23, 24, 25). Iodine charge transfer complexes
with PhgSnCH,ZR’ (Z = S and Se) have Ay in the 350-355 nm range in carbon
tetrachloride solution.

The effects of X in PhgSnCHSCeH4X-p on the course of the reaction should
be somewhat limited as a result of the remoteness of X from the reaction sites.
What effects there are would be opposing. An electron-releasing X group would
enhance the overall reactivity and render the heteroatom, Z, a more powerful
donor species toward electrophiles while at the same time it would decrease the
stability of the carbanion, CHyZCgH,X-p or its precedent.

The rates of reaction of PhgSnCH2SCgH4X-p with iodine in carbon tetra-
chloride solution, in fact, only covered a fairly small overall range and were in
the sequence NOy < Cl, Br < t-Bu, Me, H < OMe. From Table Ilc, no consistent
trend can be seen in the amounts of PhI produced, although it appears that more
phenyl-tin cleavage does occur with the more electron withdrawing X
groups.

Alkyl iodides have been shown not to cause the electrophilic cleavage of aryl-
or simple alkyl-tin bonds. However alkyl iodides did react with the « sulfides.
Petersen’s reaction (10) of BugSnCHySMe with Mel initially produced the isolable
sulfonium salt BusSnCHS*Mes, I~ which decomposed spontaneously to BugSnl
and the ylide CHyS*Me; on attack of I~ at the Sn atom. This gives some basis
for step c in Scheme 1. The sulfonium salt BugSnCHS*Mes, MeSO4~ was
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considerably more stable, an obvious consequence of the reduced nucleophilicity
of MeSO,4~ compared with I=. In contrast to the reaction of BusSnCH;SMe with
Mel, the products from the PhgSnCH2SCgH jMe-p /Et] reaction were PhsSnCH,l
and EtSCgHMe-p, i.e., step (d) in Scheme 1 was followed. In this case, a sul-
fonium salt could not be isolated. Some precedents for a nucleophilic attack on
a carbon alpha to tin are known (26), e.g., Reaction 1.

R,SnCH,X + I-==R,SnCH,I + X~ (1)
X =Cl, Br

From studies of sulfenyl halides with organotin compounds, Ph-Sn bonds
have been shown to be inert to sulfenyl systems (27), and so any reactions of RSCl
with PhgSnCHoZR’ (Z = S, Se) would have to occur elsewhere in the molecule,
such as with the heteroatom, Z. Interaction of RSCI with the heteroatom, Z,
would provide [PhgSnCH,Z+(R”)SR] Cl -, the subsequent reaction of which can
not lead totally to RSCH2ZR’ since the latter compound is stable under the re-
action conditions and would not give the complexity of products obtained. It
is tempting to involve ylides, CHoZ*(R’)SR (and their subsequent reactions) in
the sulfenyl chloride reactions. Some basis for the sulfonium ion intermediate,
Ph3SnCH,Z+(R’)SR, Cl~ comes from reactions of RSX with organic sulfides RISR?
in which the products are RISSR and others derived from the carbonium ion [R%]*
(28, 29, 30, 31). In particular from a kinetic study of the reaction of
PhMeCHSMe with PhSCI, the rate limiting step was in fact the formation of the
sulfonium salt, [(PhMeCH)(Me)S*(SPh)|Cl—.

Extensive phenyl-tin cleavage in all HgCly/PhgSnCH2ZR’ reactions in
ethanol solution is difficult to account for. Mercury chloride forms strong un-
ionized complexes with dialkyl sulfide donors. However these are considered
to be dissociated extensively in solvents such as ethanol. Weaker complexes with
alkyl aryl sulfides would be even more dissociated in solution and so the HgCl,
and PhgSnCH,SCgH Me-p can be considered as essentially free rather than
complexed in ethanol solution (32, 33, 34). While the amount of reaction oc-
curring via complexes could be small, direct reaction could still, in principle, lead
to cleavage of the Sn-CH2ZR’ bond (Z = S, Se) as well as of the phenyl-tin bond,
but only the latter occurs.

B Sulfides

The B effect, whereby an alkene is lost from a 8-substituted compound, did
not occur in reactions of either the 8-cyano- or 8-carboxyethyltin compounds
(6,7, 8), but it has been demonstrated in a number of other reactions involving
electrophilic species (Reactions 2, 3, 4, and 5) including reactions of 3 sulfides
(Reactions 3 and 4). Related reactions (Reactions 6 and 7) may also be consid-
ered.
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Ph,SnCH,CH,OH&[Ph,SnCH,CH,E}(g ]g};—glPh,SnOH + CH,=CH, (2)
Ref. 36
Ph,SnCH,CH,SR' + EY—=Ph,SnY + CH,=CH, + R'SE (3)
R’ = p-MeC,H, ; EY = Br,; 2-NO,C,H,SCI, Mel
Ref. 36
Ph,SnCHXCH,SR' + EY==Ph SnY + CH,=CHX + R'SE (4)
R' = 2-NO,C,H,; X = Cl, Br, SCN; EY = ArSC
Ref. 5
Me,SnCH,CH, + Ph,C*BF,-—=Me,Sn*BF,- + Ph,CH + CH,=CH,  (5)
Ref, 37

R,SnCH20H20H=CH,§-+> [R,SnCHchzaHCHzE ] -Y—;R,SnY +
Pl
CH——CHCH,E (6)
EY = Br,, Cl,, I,, ArSCl; R = Me, Bu, but not R =Ph
Ref. 38
EY = HOTs; R = Me
Ref. 39

Pb(OCOCH
Bu,SnCH = CHR X020

+
Bu,SnCHPb(OCOCH,),CHR, OAc~— Bu,SnOCOCH, + RCH=CHPb(OCOCH,),

7
Ref. 40 M

Y

EY
R,SnCHXCH,SR' — R,SnCHXCH,SR' + RE

CHX—CH,
P S
EY R,Sh / SR'|—=R,SnY + CH,=—CHX + R'SE
Y-E
? E
/

R,SnCHXCH,S'R"_—_> R,SnCHXCH,?R’ P —— R,SnCHXCH,—é\ , Y-

EY Y R

v v %!

X = H, Cl, Br, SCN

Scheme 2. Reactions of RgSnCHXCH SR’ with electrophiles, EY
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As well as alkene eliminations, reactions of the two types of 8 sulfides,
Ph3SnCH,CH,SR’ and PhsSnCHXCH,SR’ (X = Cl, Br), with electrophiles
also produced phenyl-tin bond cleavages (Scheme 2). On the other hand no
simple cleavage reaction occurred to give YCHoCH,SR’ or YCHXCH,SR’
products since there is insufficient stabilization for the carbanions CHyCH3SR’
and CHXCHySR’ or their precursors. Comparing the reactions of
PhsSnCHXCH,SR’ with PhsSnCHCH,SR’, it was found that alkene elimination
occurred less readily with the former. This was considered a consequence of
the sulfur atom in PhsSnCHXCH,SR’ being less basic or a weaker donor and so
could not coordinate as well with the electrophile to give complexes IV and V
in Scheme 2. For alkene elimination to occur, a positive character to the 8 carbon
might have to be formed during the reaction and ionization of complex V to give
cations VI has been considered in Scheme 2. Whenever the formation of V1 is
difficult, for example as is likely in PhgSnCH>CH3SR’ reactions with HgCly or
I,, ethylene elimination does not result; when it is easier, as in reactions with Brg,
Mel and RSCI, ethylene is evolved in preference to reactions at the phenyl-tin
bond. Of course a concerted pathway to alkene formation cannot be totally
excluded from the data so far obtained. Of the electrophiles which reacted with
Ph3SnCHXCHSR’ (proton acids, RSCI, Brg, I, and HgCly), only RSCI resulted
in alkene formation, while Mel proved unreactive.

Y Y Y x-
R,lSnCHXCHZSR' —_ RAnéHCH,SR’ = RzénCH——CH,
A X- §
| =
Y
R,S]nx + CH,==CHSR'
Y =R, Cl, Br, I, SCN

Scheme 3. Thermal decomposition of R;YSnCHXCH SR’

PhgSnCHXCH3SR’ (X = Cl, Br) and the initial cleavage products,
PhyYSnCHXCH,SR’, were thermally labile and produced vinyl sulfides. The
rates of decomposition of PhoBrSnCHCICHSCgH3NO3-2-X-4 were in the se-
quence X = Me > H > NO; and Scheme 3 is suggested. Other thermally labile
B-substituted organotin compounds are known, including PhsSnCH,CH,O-
COCHj; (6). In contrast, PhaSnCHoCHSCeH 4sMe-p was thermally stable.

v- and §-Sulfides

With both y-and é-sulfides, the position is much clearer. Poller has shown
that BugSnCHoCH,CH,SR and gaseous HCl provide CH;CHCH.SR (R =
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XCgHy, X = p-Me, H) and BusSnCl as well as BusSnCly (41). On reaction with
Ph3Sn(CHj),SR (n = 3, 4; R = p-MeCgHy), Bry, I, HgCl, and proton acids (EY)
provided PhE and PhyYSn(CHy),SR. The sulfenyl halide, 0-NO,CgH4SCl,
proved inert (42). Methyl iodide and PhsSn(CHj)3SCeH 4Me slowly produced
MeSCgH Me-p and PhgSn(CHy)sl. The pathway for this reaction most likely
proceeds via a sulfonium salt intermediate. In these compounds, the sulfur is
sufficiently remote from the tin, and a situation does not result (i.e., on complex
formation) whereby the substituted alkyl-tin bond becomes at least as reactive
as the phenyl-tin bond. While complex formation most probably does occur,
as seems obvious in the Mel reaction, such complexes do not lead to reaction at

the tin-carbon bond.
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Synthesis of Novel Substituted Alkyltin
Halides

R. E. HUTTON
Akzo Chemie UK, Ltd., Kirkby Industrial Estate, Liverpool L33 7TH, England

V. OAKES
Akzo Chemie, P.O. Box 247, Stationsstraat 48, Amersfoort, Holland

A new synthetic route to mono- and di-substituted alkyltin
compounds is described. The route involves reaction of a car-
bonyl-activated olefin with a tin(II) halide and a hydrogen ha-
lide to produce mono-substituted alkyltin trihalide. Disubsti-
tuted alkyltin dihalides are formed by reaction of a carbonyl-
activated olefin with metallic tin and hydrogen halide. The
reactions are nonhazardous, highly specific, and proceed in
high yield at ambient temperatures and atmospheric pressure.
Prior formation of intermediate chlorostannanes is believed to
be involved. The products have industrial potential as inter-
mediates for PVC stabilizers.

O rganotin compounds have gained considerably in industrial impor-

tance in the past decade, and their output is expected to grow at a high rate.
In 1965, the world consumption was 5000 tons and was expected to reach 25,000
tons in 1975. A major proportion of this tonnage is used to produce organotin
stabilizers for thermal stabilization of PVC.

Four industrial routes are used to produce organotin compounds (Figure
1). The first three routes give high yields, essential for economic reasons because
of the expense of tin. However, they suffer the disadvantages of being hazardous,
of using up a stoichiometric amount of another metal, and of requiring a further
disproportionation stage with SnCly to give the major industrial intermediates
required, ReSnCl,; and RSnClg.

The fourth route, the direct reaction (1, 2) goes part way to solving some
of these difficulties, but for alkyl groups higher than methyl it gives a mixture
of mono- and dialkyltin halides. The monoalkyltin byproduct is probably formed
by reaction of RX on a tin(II) halide which is an intermediate. Also yields de-
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Aluminum Alkyl RSnCl,

Catal
9RX + Sn —2* RSnX,

RX + SnX, — RS&nX;

Direct Route PVC
—_— Stabilizers

] ]
Route 1 : Intermediate
: : for
. i
Grignard : RMgCl R,SnCl I Biocides
! SnCl, !
: Solvent\l /)ispmportionation :
1 1
_SnCl, R !
Wurtz :RCI + Na s SnR, Sni» R.SnCl, :
]
] R.SnCI, ! PVC
1
i A'CL \S“C" I Stabilizers
1 ]
1 [}
1 1
1 1
1 ]
' 1
i '
1 1

Figure 1. Methods of organotin production

crease as the alkyl series is ascended, preventing methods to make higher mo-
lecular weight products of lower volatility.

Clearly, an incentive exists to find an improved industrial synthesis for
producing tin—carbon bonds. Of the laboratory routes available, the addition
of tin-hydrogen bonds across a carbon-carbon double bond seemed to have the
most potential. Excellent work on adding stable organotin hydrides to double
bonds had been carried out at the T.N.O. Institute at Utrecht, starting in 1956
(8) and culminating in a detailed mechanistic study (4).

R;SnH + R'CH==CH, — R,SnCH,CH,R’

Since this route involved preparation of the stable organotin hydrides by
reduction of organotin halides with lithium aluminium hydride, it would not be
economically viable for industrial use. The possibility of using inorganic tin
hydrides was, therefore, considered.

Discussion

Inorganic hydrides are difficult to prepare. The chlorostannanes are par-
ticularly difficult since they are very thermally unstable. Stannane, SnH,, was
prepared as early as 1919 by Paneth and Furth, (5) in very low yield by electro-
lytic reduction of tin(II) sulfate in sulfuric acid. A typical modern preparation
involves low temperature reduction of SnCl, by lithium aluminum hydride in
ether (6). The chemistry of stannane has not received much attention owing
to its instability, and most work has been confined to its synthesis, isolation, and
decomposition (7, 8). In 1969, Reifenberg and Considine studied the reaction
with olefins to give tetraalkyltin compounds (9). It is interesting to note in view
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of the work reported in this paper that Reifenberg and Considine found that
acrylate esters were unreactive.

The reaction of HC] with stannane at —70°C gives rise to chlorostannane,
H;5SnCl (10). A mechanism was suggested for its decomposition on warming
to room temperature.

SnH, + HCl — H, + H;
2H;SnCl — 2HCl + 2SnH, — Sn + SnH,
SnH, + 2HCI — 2H, + H,SnCl, — SnCl, + H,

Dichlorostannane is suggested as an intermediate in this decomposition, and this
seems to be the only literature reference to this species.

Some controversy has existed about the formation of trichlorostannane which
is believed to exist as the dietherate from reaction of tin(II) chloride and excess
HCl in diethyl ether (11). Trihalostannane etherates have also been prepared
by reaction of tin(II) halides with lithium aluminum hydride in diethylether (12).
Trichlorostannane is reported to decompose above 30°C with the reformation
of tin(II) chloride and HCI.

We decided to investigate the reactions of tin(II) chloride and anhydrous
HCl in ether as a potential source of trichlorostannane and to attempt hydros-
tannation reactions with various olefins. Surprisingly, almost quantitative yields
of organotin trichloride could be obtained with activated olefins such as acrylate
esters under mild reaction conditions.

0 (0}
diethyl i "
ether ROC—CH=CH,
SnCl, + HCl ————— [HSn(Cl;] —— > ROC—CH,CH,SnCl; (1)
20°C

The trichlorostannane intermediate may be preformed with the olefin added
subsequently, or tin(II) chloride may be suspended in the solvent with activated
monomer and hydrogen chloride bubbled into the suspension. The upper
temperature limit is governed by the reflux temperature of the acrylate ester and
by polymerization starting to occur. The scope of the reaction with respect to
the olefinic reactant is shown in Table I.

Monomers such as styrene which add HCl or polymerize cannot be used.
It can be seen from Table I that it is necessary to have a carbonyl group adjacent
to the double bond for reaction to occur. Notable exceptions to this rule are
maleic acid esters and isophorone. The significance of this will be discussed later.
Hydrobromic and hydroiodic acids will undergo the reaction also with the cor-
responding tin(II) halide.

Any solvent which does not interact with HCl may be used. With certain
monomers, for example butyl acrylate, the monomer acts as its own solvent and
complexing agent and no other solvent is necessary. Even aqueous hydrochloric
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Table I. Scope of the Reaction

|
SnCl, + HCI +>C=C<—>>CH—(|]—SnCl,
Reactive Monomers Unreactive Monomers
Acrylates CH,=CH COOR
Methacrylates CH,=—CMe COOR Acrolein CH,=CH CHO
Crotonates = CH,CH=CH COOR Alpha Olefins CH,—CH—R
Acrylic Acid CH,—CH COOH Allyl Chloride CH,—CH CH,Cl
Methacrylic CH,—CMe COOH Allyl Alcohol CH,=CH CH,0H
Acid
Acryloyl CH,=CH COCl Styrene Ph—CH=CH,
Chloride
Vinyl CH,=CH COR Isophorone i
Ketones Me>dj\
Phorone Me,C=CH COCH=CMe, Me Me
Propiolic CH=C COOH Vinyl Acetate CH,COOCH=CH,
Acid
Acrylamide CH,=CH CONH, Acetylene CH==CH
Diethyl MeCH=C(COOE), Furan U
Ethylidene 0
Malonate
Maleic Acid ROOC CH=CH COOR
Esters
Pheny!l Ph—C=CH
Acetyene

acid has been used to prepare 3-carbomethoxyethyltin trichloride from methyl
acrylate. The yield of organotin was lower however, because of hydrolysis and
hydrochlorination of the monomer. If the trichlorostannane is preformed,
however, an oxygenated solvent must be used.

In organotin stabilizers for PVC, the major intermediate is the dialkyltin
dichloride, RoSnCl,.  We considered, therefore, how this reaction could be ex-
tended to produce such compounds. The reaction between metallic tin and
hydrogen halides produces tin(II) halide and hydrogen. Does this reaction,
however, involve the transient formation of dichlorostannane?

Table II. Reactions of Powdered

Methyl Reaction Hydrogen

Acrylate, g Solvent, ml Time, hr Halide, g
874 Et,0, 140 3 HC1 87
95.7 Et,0, 110 14 HC1 42
37.1 Hexane, 140 12.5 HCI 46

95.7 Et,0, 140 10.5 HBr 110
174.2 No solvent 15 HC140
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Sn + 2HX — [H,SnX,] — SnX, + H,

If such an intermediate is formed could it be trapped with an activated olefin
before decomposition?

Sn + 2HX + 2ROCOCH==CH, — (ROCOCH,CH,),SnX 2

We therefore investigated a reaction in which hydrogen chloride was passed
into a suspension of tin in methyl acrylate at room temperature and atmospheric
pressure with diethyl ether as solvent. The product after working up was shown
to be predominantly  bis(8-carbomethoxyethyl)tin  dichloride,
ClySn(CH;CH2COOMe),, with small amounts of 3-carbomethoxyethyltin tri-
chloride. The yield was 98% based on tin consumed. Table II shows a series
of reactions in which powdered tin (60 g) was allowed to react with methyl ac-
rylate at 20°C.

Depending on the conditions, minor amounts of the 8-carbomethoxyethyltin
trichloride are formed. This is minimized by slow passage of hydrogen chloride
which prevents formation of tin(II) chloride, followed by Reaction 1. A variety
of olefins were examined and the scope of the reaction is shown in Table III.

A list of monomers similar to that in the first reaction is shown to be reactive.
The more sterically hindered monomers tend to have a reduced rate of reaction
but still give high yields. Again, other hydrogen halides undergo the reac-
tion.

Many of the monomers shown as unreactive in Table III are destroyed by
other reactions such as preferential addition of hydrogen chloride across the
double bond or polymerization. In every case, only the 8 adduct was isolated
as shown by NMR spectroscopy. The a adduct

I
X—C—CH—CH;,
Sn012 9

was not detected.

Tin with Methyl Acrylate at 20°C

Weight of Yield Based
Unreacted Cl,Sn(CH,CH,- Cl,SnCH,CH,- on Tin
Tin, g COOMe),, g COOMe, g Consumed

0.5 125.6 46.4 98%
3.7 161.35 5.85 98%
1.5 146 27 99%
9.5 157.4 38.6 100%
5.0 158.5 — 95%
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Table III. Scope of the Reaction
|
Sn + 2HCI + 2>C=C<—><>CH—(|I—*), SnCl,

Reactive Monomers Unreactive Monomers
Acrylates CH,=CH-COOR
Methacrylates CH,—CH-MeCOOR Alpha CH,=CH—R
Olefins
Crotonates CH,CH=CH-COOR
Acrylic Acid CH,=—CH-COOH Styrene PhCH=CH,
Acryloyl CH,=CH- COCl
Chloride
Methyl Vinyl CH,=—CH:-COCH, Isophorone o
Ketone I
Phorone Me,C=CH-COCH==CMe, Me ]
Propiolic CH=C-COOH
Acid Me Me
Acrylamide CH,=CH-CONH, Maleic Acid ROOC CH=CH COOH
Esters
Diethyl MeCH=C(COOEt), ROOC CH=CH COOR
Ethylidene
Malonate

Disproportionation Reactions

The chemical properties of functionally substituted alkyltin halides show
some interesting differences from conventional alkyltins. For example, in dis-
proportionation reactions, the functionally substituted alkyltin halides are much
more labile. In Table IV, the first reaction to give an organotin trichloride from
an organotin dichloride shows high reactivity in the case of the bis(3-carbobu-
toxyethyl)tin dichloride compared with dibutyltin dichloride. Similarly, higher
reactivity is shown in the second reaction with (8-carbobutoxyethyl)tin trichloride
compared with butyltin trichloride. The increased reactivity of the functionally
substituted alkyltins in these reactions may be caused by coordination of the
carbonyl group to tin.

Table IV. Disproportionation Reaction Yields

Yield
R = Alkyl R = CH,CH,COOBu
150°C 2% 100%
R,SnCl, + SnCl, ——> 2RSnCl, After 10 hr After 1 hr
170°C
2RSnCl, + Bu,Sn W R,SnCl, 65% 95%
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Mechanism of Reaction

The two new synthetic routes to functionally substituted organotin halides
may proceed by an ionic mechanism. - Both reactions proceed in a highly polar
medium, and the addition of free radical inhibitors such as hydroquinone has
no effect on the rate of reaction.

A concerted mechanism as shown in Figure 2 is favored as a tentative
suggestion. This mechanism is favored against a simple four-center mechanism
since isophorone, with a trans configuration, is unreactive.

RO RO OH RO (0]
O-. Vs
\Cﬁ \‘H \C/ \C/
(‘3H ,Sl Cl - (llH - (Il,H
&— >Nl SnCl. 2 SnCl,
e, N\ \_
CH, CH,
(0]
I
C

H
No !
Me\(lj /H Reaction
/N, Mo
Me
Isophorone

Figure 2. Tentative mechanism for functionally substituted organotin ha-
lides.

The polarity of the tin-hydrogen bond may be reversed in the case of
chlorostannanes compared with stable organotin hydrides where hydride ion
transfer is favored in those cases where an ionic mechanism operates (4).

Clearly, more work is required to confirm the existance of the chlorostannane
intermediates, particularly dichlorostannane ClsSnHj (or CISnH?). However,
this leads to the intriguing thought that these chlorostannane intermediates may
be involved in the long list of reduction reactions of either metallic tin and HCI
or tin(II) chloride and HCI.

Experimental

. A ltypical procedure is presented in each case, followed by a tabular summary
of results.

Reaction of Tin(II) Chloride and Anhydrous Hydrogen Chloride with
Activated Olefins. 3-Carbomethoxyethyltin Trichloride. Anhydrous tin(II)
choride (80 g), dimethoxy ethane (150 mY), and methyl acrylate (36.3 g) were
placed in a 500-ml, three-necked flask. The flask was fitted with a stirrer ther-
mometer, reflux condenser, and gas inlet tube. To the stirred suspension, gaseous
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Table V. Monomers in Diethyl Ether

HCI x
Monomers Temp, °C Theory
Methyl Acrylate 25 1.3
bEthyl Acrylate 15 2.2
Methyl Acrylate 25 5.0
Methyl Crotonate 20-25 4.1
Mesityl Oxide 25 1.5
bAcrylic Acid 15 2.0
Acryloyl Chloride 15 1.9
Crotonic Acid 15 2.4
bMethyl Vinyl Ketone 15 2.4
Phorone 20-25 2.2
bDiethyl Ethylidene Malonate 20-25 2.2
bPropiolic Acid 20-25 2.4
Acrylamide 20 1.7

2@Within the limits of experimental determination, SnCl, is quantita-
tively converted to organotin product.
Monomer added to HSnCl,.
¢Product obtained by crystallization from the reaction medium:
the actual conversion is probably higher.
d Accurate estimation of the conversion is hampered by the elimina-

—HCl
tion of HCI from the product (Cl,SnCH,CH,CO,H ==+ —Cl,SnCH ,-
CH,CO,-). This reaction also accounts for the anomalous elemental
analyses.

anhydrous hydrogen chloride (36 g) was added over 2 hr. The temperature was
maintained at 20°C by an ice/ sal% bath.

The solvent was removed on a film evaporator, and the residue was extracted
with 100 ml toluene. Volatile matter was distilled up to 100°C at 4 mm H
pressure to leave a residue (117 g) which crystallized on cooling. IR, NMR, an
elemental analysis were consistent with the composition: CHgO-
COCH2CH2$anI, mp, 70°C; bp, 174°C/4 mm. Tabular details of other mo-
nomers (1 mole) in diethyl ether solvent reacting with tin(II) chloride (1 mole)
are given in Table V.

Reaction of Metallic Tin and Anhydrous Hydrogen Chloride with Acti-
vated Olefins. Bis(B-carbomethoxyethyl)tin Dichloride. Into a 500-ml,
three-necked flask equipped with cooling bath, stirrer, condenser, thermometer,
and gas inlet tube was le)aced powdered tin (60 g), methyl acrylate (87.4 g), and
diethyl ether (140 ml).
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Solvent Reacting with Tin(II) Chloride

SnCl,e .
Reaction  Conversion, Analysis of Product
Time, hr % ClLg % Sn,.g % Mp, °C

3.5 98 34.6 38.1 70
(34.1) (38.3)

1 79 32.2 317.5 68
(32.6) (36.3)

3.5 62 324 36.3 86
(32.6) (36.3)

4 30 31.7 36.6 81
(32.6) (36.3)

2 80¢ 32.9 38.1 123
(32.8) (36.6)

1 ~75d 31.2 43.5 —
(35.7) (39.8)

3 90 34.7 38.0 42
(33.6) (37.4)

5 ~40 e —

2.5 70 e 70

4 <20 28.7 32.7 1
(29.0) (32.6)

2.5 <20 e —

2 ~60f 29.4 44.7 —
(40.1) (40.1)

10 <20 e —

€Purification of the organotin compound was difficult —charac-
terization was by NMR spectroscopy. .
Accurate estimation of conversion is hampered by HCI addition

HCl1
to the organotin compound (Cl,SnCH=CHCO,H—->Cl,Sn(IJH—

Cl
CH,CO,H) and HCl elimination as in 9.
&Values in parenthesis indicate theoretical values.

Dry HCI (87 g) was bubbled into the stirred suspension at 20°C over 3 hr.
The ether was evaporated off, and the residue was extracted with hot chloroform
(300 ml). Unreacted tin (0.5 g) and traces of tin(II) chloride were removed. The
chloroform was evaporated to yield 177.2 g of a white solid. Nuclear spin res-
onance spectroscopy showed the product was (MeOCOCHoCHj;),SnClp with
27 wt% MeOCOCH CHSnCls. The yield was 98% based on tin converted.

Pure (MeOCOCH2CHy)oSnCl; was obtained by washing the mixture with
diethyl ether in which the trichloride is soluble. The white crystalline substance
whicz remained was shown by elemental analysis, IR, and NMR spectroscopy
to be pure (MeOCOCH2CHj,)2SnClg, mp 132°C.

Tabular details of reactions of other monomers (2 moles) with metallic tin
(1 mole) and dry hydrogen chloride in diethyl ether solvent are given in Table
VI
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Table VI. Reactions

HCIx Time,
Monomer Theory hr Yield, %

Methyl Acrylate 14 13 99

(90)?
Ethyl Acrylate 1.5 25 94
n-Butyl Acrylate 14 20 99
Methyl Methacrylate 1.7 11 85
Methyl Crotonate 1.1 17 55¢
Mesityl Oxide 1.9 10 80

(46)®
Methyl Vinyl Ketone 14 14 ~80
Acryloyl Chloride 1.6 20 Low
Acrylic Acid 1.6 15 50/
Propiolic Acid 1.9 12 80¢
Dimethyl Glutaconate 1.8 13 62¢
Dimethyl Ethylidene Malonate 2.0 9 66
Acrylamide 1.6 23 79

@Values in parenthesis indicate theoretical values for the dialkyltin
dichloride products. Values quoted are for mono /di mixture.

bYields of di material isolated by crystallization from the reaction
medium, Other values are yields of mono/di mixture based on tin
charged.

€Sn was largely converted to SnCl, in these reactions.

dThe product was contaminated with resinous material.

€Purification of the organotin compound was difficult and charac-
terization was by NMR of the product mixture.
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of Other Monomers
Analysis of Product
Cla % Sn,.a % % Monoh mPi °C
— — 9
19.5 32.1 132
(19.5) (32.7)
20.2 31.31 ~15
(18.04) (30.15)
17.34 26.38 Not determined Liquid
(15.86) (26.54)
24.31 32.53 57.5 111
(18.20) (30.44)
17.95 30.17 None detected
(18.20) (30.44)
— — 22
18.81 30.94 158
(18.32) (30.60)
24,794 31.24 47 —
(21.4) (35.8)
a— — Mainly mono —
21.13 33.37 Not determined
(21.25) (35.58)
19.77 31.40 Not determined
(21.40) (35.78)
15.50 22.53 None detected
(14.00) (23.40)
14.46 ~ _
(12.50) 40
20.96 356.21 None detected 240-250
(21.3) (35.60)

fProduct isolated from reaction residue by CHCI, extraction.
gElemental analyses and yield affected by secondary processes

involving HCL
hDetermined by NMR.

iMelting point of purified di compound.

——
— O W=

201.
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The Use of Estertin Stabilizers in PVC

D. LANIGAN
Akzo Chemie, Liverpool, England

E. L. WEINBERG

Interstab Chemicals Inc., New Brunswick, N.J.

This paper describes the evaluation of first-generation estertin
stabilizers in the magjor applications areas of extrusion, calen-
dering, injection molding, blow molding, plastisol coating, and
rotational casting. Comparisons were made with octyl, butyl,
and methyltin stabilizers as well as barium-cadmium-zinc and
calcium-zinc stabilizer systems. Estertins are a new class of
organotin stabilizers for use in PVC and are based on the dis-
covery of a novel route to produce intermediates. The unique
structure of estertins, compared with alkyltins, gives low vola-
tility and extractability while retaining all the virtues of con-
ventional alkyltins (e.g., excellent heat stability and clarity).
The results to date show that the performance of estertins is
equivalent to or better than available, commercial alkyltin sta-
bilizers in all applications tested.

ince the commercial acceptance of organotin compounds as stabi-
lizers for PVC in 1939, their use has increased considerably, and today they
command a major share of the world stabilizer market. Initially, dibutyltin di-
laurate and dibutyltin maleate established themselves, and these were followed
by other dibutyltin compounds and by dioctyltin and dimethyltin derivatives.
All these compounds belong to the alkyltin class and have gained rapid acceptance
in the market because of their inherent technical advantages over other products
despite their relatively high cost.

Although considerable improvements have been made in the effectiveness
of alkyltins, there has been no major breakthrough in tin chemistry for PVC
stabilizers until 1974 when an entirely new process for organotin intermediates
was discovered (see Chapter 8). Moreover the process is simple and does not
involve the complicated or hazardous routes used for making alkyltin interme-
diates.

134
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This has led to the development of a completely new class of organotin sta-
bilizers known collectively as estertins. These new stabilizers have the general
structure:

0
I

R,—O0—C—CH,— CH, X

‘ : N o
n

R—O0—C—CH,—CH,”~ X
(6] /x
RlO(I“i—CHz-—-CHz—Sn\\X
X

(0]

Initial technical evaluation of these stabilizers showed that they were similar
in performance to the existing alkyltins. Furthermore, primary tests to assess
the health and safety aspects of the estertins showed them to be only mild skin
irritants and to cause no eye irritation. Extraction tests in different media showed
estertins to be less extractable than an octyltin. In addition, acute oral toxicity
values (LDso) in rats showed estertin compounds to give higher values than
butyltin and methyltin compounds but generally lower values than octyltin
compounds (see Table I). As a result of these very promising data, the first
generation of estertin stabilizers was developed. These consist of four liquid
thiotin stabilizers coded Stanclere T208, T209, T215, and T217.

Naturally with this range of products there is a possibility that more than
one of the estertin stabilizers can be used for applications other than for those they

Table I. Acute Oral Toxicity of Chloride and Isooctyl
Thioglycollate (I0TG) Derivatives

LD, Values, mg|kg

R X=Cl X=10TG
RSnX, methyl 1370 920
butyl 2300 1063
octyl 3800 3400
ester 5500 1230
R,SnX, methyl 75 1210
butyl 126 510
octyl 7000 1975
ester 2350 1430
R,SnX methyl 9 20
butyl 349 1350
octyl 29200 26550
ester a a

2 Note that no detectable amount of tri-compounds could be found in the compounds pre-
pared by estertin process.
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were originally developed. In general, however, the following general classifi-
cation can be made. Stanclere T208 is a liquid thiotin stabilizer with low odor
and is recommended for use in bottles and plastisols. However, it has shown
promise in the area of calendering. Stanclere T209 is a more powerful stabilizer
than T208. It is also a liquid thiotin compound and was specifically developed
for use in demanding applications such as rigid calendering and injection molding,
Stanclere T215 is a liquid thiotin stabilizer giving a low odor and is specifically
designed for plastisols. Stanclere T217 is a liquid thiotin stabilizer specifically
developed for use at low levels in rigid pipe extrusion. This paper describes the
work carried out to evaluate these products in the many different applications
in which tin stabilizers are used.

Multiple Screw Extrusion of Water Pipe

The use of organotin stabilizers in this application is almost exclusive to the
American pipe market and is in contrast to the other major technological areas
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Figure 1. Torque viscometer degradation of powder for a 4-in. pipe extrusion
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Figure 2. Residual stability laboratory extrusion

in Europe and Japan where mainly lead, and to a lesser extent calcium-zinc,
stabilizers are used. The type of stabilizers currently used are butylthiotin,
methylthiotin, and mixed metal compounds. In recent years there have been
significant reductions in the price of tin stabilizers coupled with major im-
provements in heat stability performance, and today it is normal for levels of ca.
0.3 phr of stabilizer to be used in formulations for manufacturing water pipe using
twin or multiple screw extruders. The use of very low levels of stabilizer differs
significantly from the levels used in other applications such as bottles, film, and
sheet and, therefore, it has been necessary to develop a specific estertin stabilizer
for this application. This is coded Stanclere T217. Important technical prop-
erties required from the stabilizer system are: (a) the ability to produce pipe
with a good base initial color and color hold, and (b) the ability to enable regrind
to be processed satisfactorily. These two properties are best assessed on the
large-scale plant, but as costs prohibit this during the development of a stabilizer,
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Table II. Extrusion Results Obtained with Formulation

Krauss Maffei KMD 90 Extruder Set up to

Extrusion Temperatures, °C

Stabilizer
Estertin 170 180 180 165 155 162 170 170 170 200 190
Stanclere T217
Alkyltin 170 180 ‘180 165 160 162 170 170 170 200 188
BASE FORMULATION N D DATE
o kel Akzo Chemie UK Ltd. | .67
K120N o Research Centre — Liverpool il
CL 220 i;’
VPE‘ 1-‘ SEETE————
g 9-2|  customer KRAUSS MAPFEY AUSTRIA "”;;o';
CLASSIFICATION 4 " PIPE EXTRUSION B
GMEM/RESIDUALAMUL STABILITY.  TEST TEMP v.g,"c
REF.
pos a 2 3
1
2 (Mo [ :
0.3 0.3 0.3
OFF MILL ’ "
——
MIN. 10 10 ) 3 et e | 10 10 10
20 20 ; 20 20 ‘u
» » » | 3 2
=T B - :
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Figure 3. Residual stability production extrusion
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Containing Estertin T217 and That on a
Manufacture 111 X 5.3 mm Pipe

Back Feeder
Motor Motor Pres- Screw
Speed, Load, sure, Speed, Output,
rom % tons rpm kg|hr

2200 62 18 51 310
2200 62 18 51 314

small scale tests have been devised to simulate the extrusion process, the most
commonly used being the Brabender plastograph as well as small scale laboratory
extruders.

The Brabender plastograph can be used to assess the degree of lubrication
imparted to the formulation as well as dynamic heat stability. Comparison of
the performance of Stanclere T217 with major tin stabilizers used by the Amer-
ican pipe industry is shown in Figure 1.

Figure 1 shows that Stanclere. T217 is essentially non-lubricating and very
similar to the market leaders. Comparison of the dynamic heat stability results
obtained on the Brabender shows that T217 over a range of shear rates gives ex-
cellent white coloration and slightly longer time to decomposition than the
standard formulation. Figure 1 confirms that the initial color and color hold
of the formulation based on T217 is equivalent to both alkyltins. Confirmation
of these results has been obtained by producing pipe on an AGM CT 40 conical
twin screw laboratory extruder and a production size machine. Comparison of
the oven heat stability of the pipe made from Stanclere T217 showed it was
equivalent to that given by the control (see Figures 2 and 3).

Confirmation of the Brabender results was also obtained during large-scale
trials on a Krauss Maffei KMD 90 extruder. The comparative results are given
in Table Il.  Very similar output, back pressure, and motor load were recorded
for both formulations, and the quality of pipe produced (whiteness, outside and
inside surface quality) was equivalent. Light stability test carried out on pressure
pipe formulations in the Xenotest apparatus has shown little difference between
estertins, butylthiotins, and methylthiotins in this application after 3000 hr ex-
posure.

Clear Extruded Sheet

This product is mainly used outdoors and, therefore, demands the use of or-
ganotin carboxylates rather than organothiotins because of the superior light-
stabilizing power given to the sheet by the former compounds. As the first
generation of estertins are all sulfur containing, it is thought that they may not
impart good light stability. Nevertheless, efforts are currently underway to assess
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Table III. . Light Stability Results of Estertins and Organotin
Carboxylate in Listed Base Formulationa

Time to Initial Discoloration, hr

Type of Organotin
Method Exposure T208 T209 Carboxylate
Xenotest artificial >3500 >3500 >3500

@Base Formulation: PVC (K55 suspension) 100, stabilizer 2.5, Interstab G8215 1.5, pro-
cessing aid 1.5, UV absorber 0.2, blue pigment 0.001.

Table IV. Light Stability Results of Estertin Thio vs. Alkyltin Thio
and Carboxylate Stabilizers

Time to Initial Discoloration, hr

Type of Estertin Organotin
Method Exposure T209 Alkylthiotin  Carboxylate
Xenotest artificial 600 400 1000

the light stability of estertins in this application. So far, Xenotest results have
shown that there is little difference between estertins T208 and T209 and orga-
notin carboxylates (see Table III).

With formulations containing no UV absorbers, the results (see Table IV)
show that estertin stabilizers give a better result than alkylthiotins but worse than
organotin carboxylates. These results are, however, academic since it is not
recommended that any clear product is used outdoors without a UV absorber.

Rigid Foamed Profile

Production-scale trials carried out to compare the performance of estertins
and alkylthiotins in this application have shown that a product of superior ap-
pearance can be obtained using estertins. The machine chosen for the evaluation
was an EC-200A-6-15 Aragon vertical, single-screw extruder. The extrusion

Table V. Results of Trial Comparing Stanclere T208 and an
Alkylthiotin on an Aragon Extruder Making Rigid Foamed Profile

Main
Drive Motor Out- Foam

Extrusion Temperatures, °C Speed, Load, put, Density,

Stabilizer rpm amps kg/hr gl
Estertin 160 170 178 195 180 1050 20 29 0.75
Stanclere

T208

Alkyl- 160 170 178 195 180 1050 20 30 0.68
thiotin
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conditions used were optimized for the control formulation, stabilized with al-
kylthiotin, and the performance of the estertin formulation was compared under
the same conditions (see Table V). The result obtained was a profile of superior

surface gloss and slightly higher density at the same output.
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Rigid Calendered Film

In 1974 the use of tin stabilizer in the rigid calendering market was estimated
as 1300 M ton/year in Europe. Octylthiotins are used mainly for non-toxic ap-
plications, and butylthiotins are used for general purpose film. The application
is demanding and relies very much on obtaining the correct lubrication system
as well as having a good heat stabilizer. For this reason, high-speed mill tests
are considered the most meaningful small-scale method of comparing different
systems before any large scale trials are carried out. It is also true, as with most
PVC processes, that the comparative results can vary according to conditions of
test and other variables such as polymer grade and lubricant system.

Estertins T208 and T209 have been compared with leading octyl and
butylthiotin stabilizers and shown to give equivalent, and in some cases better,
results (see Figure 4). As a consequence of these results, large-scale trials were
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Figure 5. Residual heat stability—commercial
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Table VI. Processing Conditions for Rigid Calendered
Film Commercial

Extruder Mill Take-Off Roll
Compounder Temperatures, Calender Temperatures,
Conditions, °C °C Temperatures, °C °C
125 120 165 155/160 180/185/190/185 116/95/85

performed on a Berstoff calender with Stanclere T209. The formulation used
is confidential, but the trial compared a leading octyltin stabilizer with Stanclere
T209 with the same lubrication system at a level of 1.2 phr: the conditions used
are given in Table VI. The film produced was of excellent quality and at least
equivalent to that given by the formulation based on the octyltin stabilizer.
Comparative oven heat stability tests carried out on the film are given in Figure
5 and show a greater reserve of heat stability and surface gloss from the estertin
formulation.

Extruded Rigid Foil

A large quantity of the foil used by vacuum-forming compounds for sale
to the package industry is now made by an extrusion/calendering process. This
is technically an interesting application since it involves a closed extrusion op-
eration during which dryblend is converted to a melt followed by a small open
calendering process. Laboratory trials showed that both Stanclere T208 and T209
compared favorably with an octylthiotin stabilizer and were suitable for further
study on the larger scale (see Figure 6).

The trials carried out on a Kleinewefer Kalendrette showed that optimum
results were obtained with a mixture of T208 and T209 in the ratio of 1.0:0.5 phr
against an octylthiotin at 1.5 phr. Three very important observations were made
during the production operation. First, the foil produced had excellent color,
clarity and surface gloss; secondly, the machine was much easier to clean with
the formulation based on the estertin, and finally the odor of the foil after a short
storage period was less than standard production.

Vacuum forming trials carried out on the foil confirmed its excellent quality
both in a deep draw application and in special tests to highlight the quality of
the surface of the film. Production trials showed that the film vacuum formed
easily and quickly giving moldings with a greater brilliance and sparkle than given
by the foil stabilized with octylthiotin. The odor produced during foaming was
also low and completely acceptable.

Bottles

Estertins in this application must have restricted use since they are not yet
approved for use in products in contact with food. Nevertheless two estertins
T208 and T209 have been compared with both octylthiotin and methylthiotin
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Figure 6. Dynamic mill stability test results

stabilizers for this application. Initial laboratory results indicated that both gave
good heat stability performance against the market leaders (see Figure 7) and
that bottles produced from T208 were of very low odor.

To obtain confirmation of these results, large scale trials were performed
on the following blow molding machines: (a) Sidel DSL 3M rotary blow molder,
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Figure 7. Residual heat stability of blown bottles (lab)
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S0

100

(b) Fischer 90/20D blow molder fitted with twin parison head, and (c) Bekum
blow molders. All the trials confirmed that estertin T208 could be substituted
in a typical octylthiotin formulation without making significant adjustments to

lubrication or machine conditions. The most demanding trial carried out was
on the Sidel DSL 3M machine producing 3000 1-1. bottles per hr. Extrusion
conditions for this trial are given in Table VII.
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Table VII. Sidel Bottle

Machine Temperatures, °C

Stabilizer
Octylthiotin 170 184 166 166 154 180 203
Estertin T208 169 180 165 160 154 177 196

@Base formulation: Lacqvyl SO71S 100, Kane Ace B28 10, Paraloid
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Figure 8. Heat stability—plastisols comparing estertins vs. metal soap stabi-

lizers in various resins
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Trial Conditionse

%
Speed, rpom  Amperes  Output, bottle/hour Regrind

32 59 3000 20
(139 kg/hr)
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Figure 9. Viscosity build up of a plastisol containing different stabilizers
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Figure 10. Low temperature heat stability
plastisol

Reversed Roll Coated Wall Covering

The stabilization of plastisols is mainly achieved with metal soap stabilizers
with only a few specialized applications using tin stabilizers. In general, stabi-
lization of different emulsion resins with metal soap stabilizers requires extensive
knowledge of the particular resin as most resins have a different sensitivity to zinc.
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As a result many metal soap stabilizers exist because they were developed for
specific polymer systems.

Following laboratory tests, Stanclere T215 and T208 were developed for
use in plastisols, and their properties are best described by reference to Figures
9-12.

They show that T208 and T215 in this application have the following ad-
vantages: (a) they show less sensitivity than metal soaps to polymer change
(Figure 8), (b) they are efficient at low levels of use (Figure 8), (c) the viscosity
build-up characteristics and air release properties of the plastisol are satisfactory
(Figure 9), (d) they have a low odor, (e) they show excellent long term, low
temperature (80°C) heat stability compared with that given by liquid Ba-Cd-Zn
and Ca-Zn stabilizers (Figure 10), and (f) they show good light stability on ex-
posure in the Xenotest apparatus (Figure 11).

Large scale trials have been carried out on a modern Bone Craven reverse
roll coating equipment to confirm laboratory results. Conditions used are given
in Table VIIL. Particular attention was paid to the odor produced during pro-
cessing and in the final product, and they were both found to be completely
satisfactory.

XENOTEST No 289

REPORT No 7305 EXPOSED 27.5.75.

BASE PORMULATION : ADDITIVES:

Vestolit E8001 100.0 1 T135 1.0

D.0.P. 60.0 2 T182 1.0
3 T213 1.0
4 T28 1.0
5 T 209 1.0
6 T24 1.0

HOURS EXPOSED No 1 2 3 4

UNEXPOSED

1000 HOURS

2000 HOURS

4689 HOURS

STICKY STICKY STICKY

Figure 11. Light stability (Xenotest) plastisol. Removed
from Xenotest 9-3-76 after 4689 hr exposure
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Table VIII. Processing Conditions Used for Manufacture of Vinyl
Wallpaper on Bone Craven Reverse Roll Coating Equipment

Processing Conditions

Coating weight of vinyl covering (g/m?) dry weight 90-110
Line speed, m/min 120
Oven temperatures, °C 170 190 200 205

Rigid Injection-Molded Fittings

This demanding application requires an efficient heat stabilizer as well as
a well-balanced lubrication system. Trials carried out on Stork Reed 500-ton
injection molding machine with granulate stabilized with Stanclere T209 gave
6-in. diameter couplers of equivalent appearance to material stabilized with a
liquid butylthiotin stabilizer. Such initial results are considered excellent since
no change in lubrication was required and, therefore, it will most likely be possible
to develop improved systems with T209.

Health and Safety Aspects

Increasing interest and pressure are being shown in this subject from the
following points of view: (a) potential risks to industrial plant personnel man-
ufacturing basic raw materials such as PVC stabilizers, (b) potential risks to in-
dustrial plant personnel converting basic raw materials into products for the
market, and (c) potential risks to the users of the final products. As already
mentioned, the route to produce estertin intermediates does not involve the
complicated or hazardous routes used for making alkyltin intermediates. Work
has also been carried out to assess the risks relative to alkyltin stabilizers of estertins,
and the results are given below.

Primary Skin and Eye Irritation. Results of tests on rabbits, following the
U.S. Code of Federal Regulation, Title 16, section 1500.41 (skin) and section
1500.42 (eye), are summarized in Table IX.

Migration into Food Simulants. The migration of estertins is compared
with an octyltin, commonly used in bottle formulations. All stabilizers were used

Table IX. Primary Skin and Eye Irritation Results

Skin Irritation Eye Irritation
RSnCl,2 mild mild
R,SnCl, mild severe
RSn(I0TG), mild non
R,Sn(10TG), mild non

aRr = R,OCOCH2CH2~'
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at an addition level of 1.2 phr, and the bottles were sealed immediately after

blowing. The stabilizer contents of the simulants were measured at 40°C after
an incubation time of 10 days. The figures mentioned in Table X are the highest

Table X. Extraction Data from Rigid Bottles

Simulant Octyltin Stanclere ET208 Stanclere ET209
Distilled water 0.19 0.15 0.07
Acetic acid 0.39 0.23 0.13

(3% aq.) .
Ethanol 0.26 0.19 0.15
(10% aq.)
Cooking oil 0.20 0.17 0.11
0

N N
BuSn(I0TG)3 X
20

Loss

Oct.Sn(I0TG)3

$ ool
S
80 L
Ioo0 100 200 300 400

Temperature °C.

Figure 12. T.G.A. curves for monalkyltin trisisooctylthioglycolate salts
(heating rate 10° /min in air)
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of three separate determinations, and they give the amount of stabilizer in the
extract in ppm.

Acute Oral Toxicity. A comparison of the acute oral toxicity values (LDs)
in rats between conventional alkyltin compounds and estertin compounds is given
in Table I.

Volatility. Although the TGA curves for alkyltin and estertin stabilizers
are in the same order (see Figures 12 and 13), the chloride compounds are shown
to be less volatile (Figures 14 and 15). The lower volatility of the estertin chlorides
could be an important safety factor for plant personnel operating open conversion
processes such as calendering.

20

40
2
- R,Sn(I0TG),
z
60T
801
1 1 1 j .
1005 100 200 300 200

Temperature °C.

Figure 13. T.G.A. curves for dialkyltin bisisooctylthioglycolate salts (heating
rate 10° /min in air)
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0,

20

Loss

Wt.

60

%

80

\ .
o 100 200 300
Temperature °C.

Figure 14. T.G.A. curves for monoalkyltin trischlorides (heating rate
10° /min in air)

100

Mutagenicity. Monoestertin trisisooctylthioglycolate and diestertin bisi-
sooctylthioglycolate compounds have given negative results when examined by
the direct plating mutagenicity test using Salmonella typhimurium at five dose
levels per compound.

Chronic Toxicity. On the basis of acute oral toxicity, four-week studies
were undertaken on the estertin stabilizers to determine a suitable dietary level
for a 13-week study. A similar study was carried out on the corresponding
chlorides to provide additional product safety data. At the satisfactory conclusion
of these studies, a 13-week study on estertin stabilizers was commissioned. All
animals have now been sacrificed, and petitions for approval as food packing
additives will be submitted when the final reports are available.
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20

loss

% Wt.
3

100 5 100 200 300

Temperature °C.

Figure 15. T.G.A. curves for dialkyltin )dichlorides (heating rate 10° /min in
air

Conclusions

The first generation of estertin stabilizers has been shown to give at least
equivalent and in some cases improved performance vs. that of alkylthiotin sta-
bilizers in the major applicational areas. Against liquid Ba-Cd-Zn and Ca-Zn
stabilizer, estertins have definite advantages in plastisols. Added to their excellent
heat stabilizing performance is the benefit that the intermediate chlorides are
of low volatility and toxicity. These data point to estertins being major stabilizers
for PVC in the future.

RECEIVED May 12, 1976.
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Structure and Bonding in Organotins by
Gamma Resonance Spectroscopy

ROLFE H. HERBER and MICHAEL F. LEAHY
Rutgers University, New Brunswick, N. J. 08903

The recently developed effective vibrating mass (EVM) model,
which provides a semi-theoretical framework within which the
molecular weight of covalent organometallic compounds can
be determined from Raman spectroscopic and temperature-
dependent Méssbauer effect experiments, has been extended
to two organotin thiol compounds. In [(CHg)eSnS]s, although
the Mdssbauer active atom does not occupy the center of mass
of the molecule, the agreement between the trimeric formula
weight (542) and the calculated effective vibrating mass (552)
demonstrates further the validity of the basic assumptions of
the EVM model. In the distorted, nearly tetrahedral molecule
Sn(SCHyCH,S),, the EVM model calculations suggest an ap-
preciable interaction between proximal molecules in the solid
through S-atom bridging between adjacent tin atoms. This
gives rise to quasi-linear Sn-S-Sn- chains in consonance with
the chemical and physical properties of this compound, as well
as the results of a recent crystal structure determination.

hortly after the first results were published concerning the chemi-

cal applications of gamma resonance spectroscopy (Mossbauer Effect) (1, 2)
making use of the 23.8 keV excitation in 119Sn, it became clear that this technique
would be valuable in elucidating the structure and bonding in organotin com-
pounds, and a very large literature has grown up in this field (3, 4). The earliest
data to be extracted from such spectra focussed attention principally on the isomer
shift and quadrupole splitting parameters, since it became evident that these
hyperfine interactions could elucidate the formal oxidation state of the metal
atom [e.g., Sn(II) or Sn(IV)] and its coordination number more readily than most
other available techniques. In addition, it was observed (5, 6) that there appeared
to be a qualitative relationship between the temperature dependence of the 119n
recoil-free fraction, f(T'), and the coordination number of the metal atom and/or
intermolecular bonding. The observation of a resonance effect at room tem-
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perature has frequently been interpreted in terms of an extended network-as-
sociated or polymeric structure for the organotin compound in question.

In fact, the temperature dependence of the recoil-free fraction observed
in 119Sn Méssbauer spectroscopy of organotin compounds can be used to provide
quantitative information concerning the structure and bonding insuch com-
pounds. A model has been developed (7, 8, 9) which permits the exploitation
of the data obtained by f(T) and vibrational spectroscopic investigations to obtain
a clearer understanding of the association of organotin compounds in the solid
state. This model has been called the effective vibrating mass (EVM) model,
and the fundamental assumptions of this approach are reviewed briefly.

A Brief Review of the EVM Model

The principal parameter of interest in the context of this discussion is the
recoil free fraction, f, observed in a Méssbauer experiment. This parameter—
which can have values ranging from 0 to 1—is the probability of emitting (f;)
or absorbing (f,) a gamma ray without recoil. Although in principle it is possible
to evaluate this parameter quantitatively under a given set of experimental
conditions, it is more convenient to examine the temperature dependence of the
recoil free fraction f(T') by extracting the temperature dependence of the area
under the resonance curve A(T) in such spectra. The definition of f and A are
given by

f = exp(=(x2)X~2) )

and
A= g fIL(t) @)

in which (x2) is the expectation value of the mean square displacement of the
Méssbauer atom, X is the wavelength (divided by 27) of the Méssbauer transition,
I is the natural line width of the gamma transition (i.e., I' = h /2w, where 7 is
the mean lifetime of the excited state) and L(T) is a saturation function (10) of
the absorber thickness, t,. The latter parameter is defined by the relation-
ship

ta = (721) ool'nf, 3)

in which n is the number of Méssbauer-active nuclei per unit area of the ab-
sorber.
The total experimental line width, T, in turn is given by
T. =T, + I, + 0.27T0qf, ~ T (2 + 0.270qf.) (4)

where the a and s subscripts refer to absorber and source respectively and oy is
the cross-section for recoilless ((resonant) scattering and has the value 1.403 X
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10718 cm? for the 23.8 keV transition of 119n. The temperature dependence
of the recoil-free fraction of the absorber f, is given from the Debye model of
solids by an expression of the form

fum=en—2 m1+4(3) [ ] ®)

In the high temperature limit, the integral in Equation (5) goes to §/T so that the
slope of the f(T) vs. temperature curve is given by

dlnf,  6Ex 6)
dT k6%

where ) is a characteristic temperature which is (for an ideal, monatomic iso-

tropic cubic solid) equivalent to the Debye temperature, 0p, calculated from low

temperature specific heat data. The recoil energy, Eg, can be evaluated from

momentum conservation considerations

E2
Er = Y 7
R= oo (M
so that
dinf _ —3E2

8
dT M eff02k0§4 ( )

where M . is the effective recoiling mass which contains the Méssbauer active
atom.

In general, except for certain solids such as intercalation compounds and
ionic lattices, the effective recoiling mass is not known, so Equation 8 contains
two unknown experimental parameters, M o¢s and 6.  In molecular solids it may
be assumed that because of both energetic and symmetry considerations the intra-
and intermolecular motions do not couple, and hence that as a first approximation
the organotin compound condensed phase can be thought of as an array of hard
sphere particles which interact within the unit cell by van der Waals intermo-
lecular forces. The motion corresponding to the intra-unit cell vibrations of these
molecules against each other can be probed by Raman spectroscopy, and the
relevant frequencies are normally observed in the lattice mode region of the
spectrum lying generally below ~200 cm™1. If one of the lattice region vibra-
tional modes corresponds to the unique intermolecular intraunit cell vibration
of two molecules against each other, then the frequency of this mode, wy, can
be used to calculate an effective Debye temperature by the relationship

_ho

P 9)
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Inserting this value of 8 into Equation 8 leads to the relationship (7):

-dlnA _ 3E%
dT M effczhzw%

(10)

in which the only unknown quantity is the effective vibrating mass Mg Itis
thus possible to use the temperature dependence of the 119Sn recoil-free fraction
to elucidate the possible association of organotin molecules in the solid state, since
it should clearly be feasible to distinguish between monomers, dimers, and other
low molecular weight polymeric units by means of the above formalism. A
number of such studies (13, 14) have previously been published for a variety of
molecular geometries and coordination numbers of tin, and the general validity
of this approach appears to be reasonably well established. However, because
of the predominance of sp3, sp3d, and sp3d? hybridization of the tin atom in
which there are, respectively, four, five, and six identical or similar ligands bonded
to the metal, most molecules which have been subjected to temperature depen-
dent Mossbauer effect studies are those in which the tin atom occupies the center
of mass of the molecule. Clearly, if the assumptions of the EVM model are
correct, this fact should be unimportant in the applicability of this model to
molecular systems, and thus a wider test would be to make certain that the details
of the intramolecular geometry do not influence the interpretation of the f(T)
data.

In the present study we have extended the EVM model to the investigation
of two organotin compounds in which the metal atom does not occupy the center
of mass of the molecule as a whole and in which molecular association by bridging
ligands has either been shown by x-ray diffraction data or is presumed to exist
on the basis of other spectroscopic and chemical information.

Experimental

The experimental details of the Méssbauer spectroscopic methodology used
in these studies has been described (7, 8,9). All isomer shifts cited in the present
work are with respect to a room temperature (295 °K) BaSnOs absorber spectrum.
Velocity calibration of the spectrometer was effected by measuring the Fe(0)
magnetic hyperfine spectrum as reported earlier (16). _

The organotin compounds were prepared by literature methods (17, 18, 19),
and their purity was ascertained by stangard analytical techniques including IR,
mass spectrometric, and Méssbauer methods as appropriate.

Discussion of Results

[(CH3)eSnS]3. The Moéssbauer parameters for this compound are summa-
rized in Table I, and the low frequency Raman spectrum is shown in Figure 1.
In the latter, it will be noted that there are six distinct bands in the region below
~100 cm™!, and these are assumed to arise from either discrete lattice modes of
the covalent solid or low energy librational and/or torsional modes of the indi-
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Figure 1. Low frequency (lattice mode
o region) Raman spectrum (I)/ [(CHg)oSnS]s at
7 2 300° and 80°K. The mode at ~27.5 cm™!
has been identified as the intermolecular,
| ¥ intra-unit cell vibration of two trimeric
200 100 molecules against each other on the basis of
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the present work.

vidual molecules. Replacing 6 in Equation 8 by the value calculated using the
27.5 cm™! band, and using the temperaturre dependence of the 1198n recoil-free
fraction extracted from the Mossbauer experiments, that is, In A = —0.02464T
— 35.84T ! (multiple regression coefficient 0.999), leads to a calculated value
of Mg of 552. This is in good agreement with the trimeric mass of 542 and in
consonance with the x-ray diffraction evidence (20) for the six-membered ring
structure of this compound in the solid state. The temperature dependence of
the area under the resonance curve is summarized graphically in Figure 2.

1t is thus clear that the EVM model assumption that molecules in covalent
(organometallic) solids could be considered as hard sphere entities in the context
of understanding the temperature dependence of the recoil-free fraction extracted
from Massbauer data is valid even when the center of mass of the molecule is not
coincident in space with the lattice position of the Méssbauer-active metal atom.
The EVM model thus provides an important and useful approach to the deter-
mination of the extent of association of molecular monomers into low weight
polymeric arrays in covalent solids, and the basic assumption that the local mi-
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Figure 2. Temperature dependence of the area under the 1'9Sn

resonance curve for [(CH3)sSnS]s in the temperature range 78

< T < 218°K. The temperature dependence is given by In A
= —0.02464T — 35.847/T

crostructure of the molecular units is unimportant in this model is well borne out.
The application of this model to molecules which cannot, for one reason or an-
other, be studied by x-ray diffraction techniques (e.g., they are liquids at room
temperature, they do not readily form single crystals, they decompose in the x-ray
beam, etc.) is thus limited only by the provisions that an otherwise suitable
Méssbauer-active atom can be built somewhere into the molecular structure and
that the lattice-mode region of the vibrational spectrum is accessible by appro-
priate (Raman or far-IR) spectroscopic techniques.

Table I. '*Sn
LS. (78°K) Q.S. (78°K)
Compound mm/sec mm/sec

[Sn(SCH,CH,S),], 1.401:0.010 1.026 + 0.008
[(CH,),SnS], 1.341 + 0.008 1.824 + 0.010
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[Sn(SCM3CH2S)],. The Mossbauer parameters for this compound are
summarized in Table I and a typical Méssbauer spectrum is shown in Figure 3.
The low frequency region of the Raman spectrum of this compound is shown
in Figure 4. Among the physicochemical properties of this compound which
‘must be considered in an interpretation of these data are the relatively high
melting point (21) (182°-183°C), low solubility in nonpolar solvents, appreciable
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Figure 3. 119Sn  Méssbauer spectrum of
Sn(SCH,CH,S)y at 78°K. The isomer shift stan-
dard is the center of a room temperature BaSnO3
absorber spectrum run using the same Ba1%"SnOg
source used in the sample spectra. A geometrical
base line correlation has been applied to all data.

Mossbauer and Raman Data

Raman Modes

Inf (T) cm™! (<100 cm™)
—0.01180T —16.63T*  ~80°K:31.5 41.5 75.5
~300°K:28
—0.02464T — 35.84T' ~80°K:16 20,5 275 43 49 96

~300°K:15.5 22 28 40 47 94
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Figure 4. Low frequency (lattice mode region)
Raman spectrum of [Sn(SCHyCHS )],

solubility in polar (coordinating) solvents, monomeric molecular weight in
benzene, absence of mass spectral fragments heavier than P*, and the nonde-
generacy of the IR and Raman-active bands observed in the Sn-S regions of the
vibrational spectra.

The temperature dependence of the recoil-free fraction over the temperature
range 78 < T < 240°K is given by In A(T) = —0.01180T — 16.63T~! with a
multiple regression correlation coefficient of 0.997. This result, together with
the proper wy, value extracted from the low temperature Raman spectrum mode
at 41.5 cm™!, leads to a calculated molecular weight of 506 + 32 which is in
reasonably good agreement with the assumption that this molecule is a dimer
in the solid state (twice the formula weight is 606). However, this interpretation
is not completely consistent with the mass spectral data which show no fragment
heavier than P* when the inlet temperature is held to ~10°-20° below the
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melting point of the solid (just adequate to provide a sufficient vapor pressure
to permit the recording of a meaningful mass fragmentation spectrum) or with
the monomeric weight observed in benzene.

These data can, however, be understood in terms of a structure in the solid
in which two of the four sulfur atoms are coordinated, respectively, to tin atoms
in the two adjacent molecular layers giving the metal atoms effectively a coor-
dination number of 6 (22). Under this hypothesis, the tin-orbital hybridization
becomes d2sp3 and allows the four sulfur atoms to occupy the equatorial positions
in a somewhat distorted octahedral structure. The quadrupole hyperfine in-
teraction observed in the 119Sn Méssbauer spectrum arises from the fact that the
two axial sulfur atoms are inequivalent to the four equatorial sulfur atoms (which
concomitantly belong to two different types), thus giving rise to a nonvanishing
electric field gradient tensor at the metal atom lattice position.

'C/ \¢ /S \CHZ coordinating ’C/ \ t/ \CHZ
| - — |
)C\ /T \ CHz solvent )C\ / f \ CHz

{
I I

The low solubility of the one-dimensional polymeric solid in nonpolar sol-
vents (such as benzene and n-butyl benzene) is consistent with the integrity of
the polymeric structure under these conditions. Treatment with donor (polar)
solvents, on the other hand, results in the depolymerization of the solid state
structure, leading to a solvated monomeric species in solution in which the two
axial positions are occupied by two donor solvent molecules, as shown in IIL
Moreover the mass spectral results suggest that under thermal activation at ~165
°C, the solid = vapor equilibrium also results in the disruption of the one-di-
mensional polymeric structure, this time giving rise to a (presumably quasite-
trahedral) monomeric structure in which the tin atom is bonded to only the four
sulfur atoms of the di-thiol ligands.

The Raman data show both the symmetric and asymmetric Sn-S modes,
but it is not possible to interpret these data further with respect to the presumed
anisobidentate (23) nature of the ligands. Clearly the presumed structure in the
solid represented by II should give rise to two distinct equatorial plane Sn-S in-
teractions and hence to two distinct Sn-S bond distances in the SnS4 portion of
the molecule. The vibrational spectroscopic data are not sufficient to permit
an unambiguous assignment of a cis or trans configuration to this structure, but
the latter would seem to be preferable on purely symmetry arguments. Such
structural details will have to await an x-ray diffraction elucidation of the ar-
chitecture of this molecule in the solid state.

Finally, it is appropriate to return to the interpretation of the effective vi-
brating mass calculated from the EVM model applied to the 119Sn Mossbauer
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data. It had been observed earlier (24) in the case of (CH3)3SnF, which has been
shown both by IR and x-ray diffraction data (25, 26) to consist of one-dimensional
polymeric chains made up of not quite planar (CHg)3Sn fragments bonded by
nonlinear fluorine bridges, that an effective vibrating mass, corresponding to
[(CHg)3sSnF], portions of the chain giving rise to a Raman active vibration at 41
cm™!, could account for the temperature dependent 119Sn Mossbauer recoil-free
fraction data. In this case, the temperature dependence of the recoil-free fraction
is given by the expression

In {(T)=-1.75X 1072T — 59.5 T~}

in the range 72 < T <296 °K. The value of M 4 calculated from these data and
v = 41 cm™1, substituted into Equation 10 yield an effective vibrating mass of
349 which is reasonably good agreement with 2MW of 366. Thus, in the case
of this one-dimensional polymeric chain structure, agreement between the cal-
culated effective vibrating mass and the assumption that two adjacent dimeric
fragments of the chain account for the intra-unit cell motion of the metal atom
leads to an internally self-consistent view of the experimental data.

The present data on the Sn(VI)bis(1,2-ethane dithiol) species suggest that
a quite analogous situation obtains in this case. The structure indicated sche-
matically above (II) can be viewed as that of a quasi-linear tin-sulfur array in
which the cyclic moieties of the ligands interact only weakly by normal covalent
solid van der Waals forces with proximal chains lying on either side. The solu-
bility, mass spectral, and molecular weight data, are consistent with this inter-
pretation of the results of the 119Sn temperature-dependent, recoil-free fraction
Maossbauer resonance data.

[Note added in proof: After this paper had been presented at the New York
ACS Symposium, it was pointed out to us by A. G. Davies that the crystal structure
of Sn(SCHCH,S); had been determined by C. A. Mackay who then generously
made available to us a copy of his unpublished data relevant to this compound.
Mackay’s study shows that each tin atom is surrounded by four sulfur atoms ar-
ranged in a distorted tetrahedron with Sn-S distances of 2.405(1)A and 2.388(1)A,
showing the anisobidentate nature of the 1,2 ethane dithiol ligand as predicted.
Moreover, the intermolecular Sn-S distances are 3.764A and 3.811A, considerably
smaller than the 4.05A deduced for the sum of the Sn and S van der Waals radii,
indicative of the intermolecular bonding which had been postulated from the
temperature-dependent Mossbauer data. Finally, it should be noted that the
crystallographic data show that there are two tin-sulfur distances of ~3.76A and
two of 3.81A between adjacent monomer units, forming a chain of linked mol-
ecules with closest interaction between the sulfur atom of one molecule and one
of the carbon atoms of the next unit.]
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Summary and Conclusion

The present study has dealt with the extension of the EVM model to low
molecular weight, polymeric, solid-state structures in which the Mossbauer-active
atom does not occupy the center of mass of the molecule. Good agreement has
been obtained between the calculated effective vibrating mass and the formula
molecular weight for [(CHg)2SnS]; making the assumption that the 27.5 cm™!
band observed in the Raman spectrum of this compound can be assigned to an
intra-unit cell, intermolecular vibration of two trimeric units against each
other.

Application of the EVM model to the compound [Sn(SCHoCH,S)z),, has
led to a value of n = 2, but this result, in conjunction with cryoscopic molecular
weight data, mass spectral results, and the interpretation of low temperature
Raman data, must be understood in terms of the presence of an extended linear,
one-dimensional, polymeric structure in the solid. In the proposed structure,
the two five-membered 1,2-ethane dithiol ligands, which are anisobidentate (23)
in the solid, asssme an almost equatorial position around the metal atom with two
of the four sulfur atoms interacting with metal atoms in adjacent molecular chains
to give rise to a six-coordinate metal atom in a distorted octahedral array.
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Organotins in Agriculture

MELVIN H. GITLITZ
M&T Chemicals Inc., P.O. Box 1104, Rahway, N.]J. 07065

Although organotin compounds were suggested as having bio-
logical activity as early as 1929, it is only relatively recently
that they have found a place in agriculture. The evolution of
organotin compounds as commercially important agricultural
fungicides and insecticides both here and abroad is discussed.
Our limited knowledge of the relationship of structure to bio-
logical activity is considered and recent attempts to fill this
void are described. Steric effects seem to be important. In
vitro tests of fungicidal activity have limited value to the orga-
notin pesticide chemist since they disregard phytotoxicity
which is a problem with many organotins. General toxicologi-
cal properties are described.

Between one-half and one-third of the world’s agricultural food
crops are lost annually to pests (I). We continually battle against the
competition from insects, fungi, bacteria, and weeds for our food. The most
effective weapons that we have been able to devise thus far to assist us in this
struggle are the chemical pesticides. Organotins are a relatively new class of
compounds receiving increasing interest as agricultural pesticides.

The use of organometallic compounds as pesticides and disease-control agents
is not a recent phenomenon. Organoarsenic compounds, for example, have had
a long and colorful history from Ehrlich’s Salvarsan [4,4’-diarsenobis(2-amino-
phenol) dihydrochloride trimer] to the methylarsonic acid salts still used today
as crabgrass herbicides and to control other grassy weeds.

Another group of biologically active organometallics are the organomer-
curials which until recently were used widely as seed treatments to control
seed-borne fungus diseases in many areas of the world and are still important as
medicinals. There is at least one distinctive difference between tin and arsenic
or mercury. Unlike these latter two elements, tin’s inorganic compounds are
orders of magnitude less toxic than its most toxic organometallic compounds.
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This property gives tin a unique place among the heavy metals and is an im-
portant factor in its agricultural utility.

Although there were reports of the biological activity of organotin com-
pounds as early as 1929 (2), it was not until the early 1950’s that van der Kerk and
Luijten at TNO in Utrect systematically explored the in vitro fungicidal and
antibacterial properties of organotin compounds (3, 4). Their research laid the
foundation for further studies which ultimately led to the commercial application
of organotins as bio-control agents. Table I shows the diversity of biocidal ap-
plications for which organotins are being used or for which they have been sug-
gested.

Table I. Biocidal Applications of Organotin Compounds (5)
Fungicidal
Control of fungi on potatoes and sugar beets?
Control of scab on pecans and peanuts?
Control of rice blast and pine needle blight
Preservation of wood (from fungi and insects)a
Paint additive to prevent mold growth

Bacteriostatic
Control of slime in paper and wood pulp production
Fabric disinfectants
Antimicrobial activity in synthetic fibers

Insecticidal
Antifeedant against insect larvae
Chemosterilant (preventing reproduction)
Arachnidicide against phytophagous mites?

Other
Tapeworm and helminthes eradication in poultrya
Protection of surfaces (ships, piers, etc.) from attack by marine organismsa
Plankton control in reservoirs
Molluscicide for bilharzia control

@ Commercially significant usage.
Journal of Organometallic Chemistry

In the early 1960’s the first organotin agricultural fungicide, triphenyltin
acetate, was introduced in Europe commercially by Farbwerke Hoechst A.G.
as Brestan. Brestan was recommended for the control of Phytophthora (late
blight) on potatoes and Cercospora on sugar beets at rates of a few ounces per
acre (6). Shortly thereafter, triphenyltin hydroxide was introduced as Duter
by Philips-Duphar N.V. with about the same spectrum of disease control as
Brestan. Duter is presently registered in the United States as a fungicide for
potatoes, sugar beets, pecans, and peanuts. Both materials are extremely effective
protectant fungicides. Incidentally, both triphenyltin hydroxide and acetate
exhibit the unusual and interesting property of deterring insects from feeding
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(7). This antifeedant effect is also shown by other triphenyltin compounds (8).
Several triphenyltin compounds including the hydroxide have also been shown
to be effective fly sterilants at sub-lethal concentrations (9).

Although research on the biological activity and toxicology of organotins
progressed at a rapid pace in the interim, it was not until 1968 that the next major
agricultural application of organotins was realized. In that year, tricyclohexyltin
hydroxide, the result of a joint research effort by M&T Chemicals and Dow
Chemical Co., was introduced under the name Plictran (10). It was recom-
mended for the control of phytophagous (plant-feeding) mites on apples and
pears. It is now also registered for use on citrus, stone fruits, and hops. Plictran
is very selective and gives good control of harmful arachnids with little toxicity
towards other insects such as honeybees. The compound also shows antifeedant
activity against some insect larvae (11).

Tricyclohexyltin hydroxide can be prepared by the two routes shown in
Figure 1. The first process, termed the butyl transfer route, involves two steps
to prepare tricyclohexyltin chloride (12). In the first step, butyltin trichloride
is allowed to react with 3 moles of cyclohexylmagnesium chloride to form
butyltricyclohexyltin which is then allowed to react with tin tetrachloride in an
inert solvent to give tricyclohexyltin chloride and butyltin trichloride. The
butyltin trichloride is extracted with water, distilled, and recycled into the pro-
cess.

BuSNCl, + 3CyMgCl—» BuCy,Sn

\%’o .
S SnCl, 1:1

%
N BuSnCi, + Cy,SnCl

l oH—

Cy,SnOH

*
1 OH™
3CyMgCl + SnCl,—Cy,SnCl

Figure 1. Routes to tricyclohexyltin
hydroxide. Data from Refs. 12 and 13.

An alternate route to tricyclohexyltin chloride involves the reaction of 3
moles of cyclohexyl Grignard and 1 mole of tin tetrachloride to form the organotin
directly (13). Although this route seems economically more attractive, it requires
very close control of reaction conditions to minimize byproducts. The com-
mercial success of Plictran miticide stimulated research efforts on organotins in
other companies. There are now three other organotin miticides which have
been disclosed in the patent literature. The structures are shown in Figure 2.
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3

Plictran (Dow)

3

Tricyclazol (Bayer, Chemagro)

NEW CHEMISTRY AND APPLICATIONS

Cll'ls
|
CH: 3
2

Vendex (Shell)

3

R-28627 (Stauffer)

Figure 2. Organotin acaricides. Plictran, Ref. 21; Vendex, Ref. 26; Tricy-

clazol, Ref. 48; R-28627, Ref. 49.

The lower tri-n-alkyltins from trimethyl to tri-n-pentyl show high biological
activity. The trimethyltins are highly insecticidal and the tripropyls, tributyls,
and tripentyls have a high degree of fungicide and bactericide activity. The
dialkyltin compounds are generally less active than the trialkyltin compounds.
The typical relationship between chain length of di- and trisubstituted organotin

“Fungicides”

Figure 3. Influence of chain length

of di- and trisubstituted tin com-

pounds on minimum concentration

inhibitory to Mycobacterium phlei.

Legend: O——O0, trialkyltin com-

pounds; @ --- @, dialkyltin com-
pounds (14)

MIC
ug/ml
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compounds and their minimum inhibitory concentration for a particular bacteria,
Muycobacterium phlei is shown in Figure 3. Note that diorganotins are less active
than the analogous triorganotins.

The response of fungi to triorganotins is generally similar to that exhibited
by bacteria in the foregoing example and is typically illustrated in Figure 4 below
for the fungus Aspergillus niger. Although the lower trialkyltins show high
fungicide activity, they are unlikely candidates for agricultural fungicide use
because of their high phytotoxicity. Over the years, various attempts have been
made to moderate the phytotoxicity of the lower alkyltins by changes in the anion

MICT T 1 | I | |
HMg/mi
>500¢

500F

5,1
{

200
100
50

-

| ] L1 | -
Il 2 3 4 5 6 7 8
R=Me Et Pr Bu Pen Hex Hep Oct

“Fungicides”

Figure 4. Influence of chain length

of trialkyl-substituted tin acetates on

minimum concentration inhibitory to
Aspergillus niger (15)

group. These have not been very successful since the nature of the anion group
has little influence on the spectrum of biological activity provided that the anion
is not biologically active in its own right and that it confers a sufficient minimal
solubility on the compound.

While the higher (Cg and above) trialkyltins are non-phytotoxic, they are
neither fungicidal nor insecticidal. Tricyclohexyl and tricycloheptyltins are also
essentially non-phytotoxic. Attempts to moderate the phytotoxicity of the
trialkyltins by synthesizing asymmetric organotins of the form RyCySnX or
RCy;SnX where R = lower alkyl group, Cy = cyclohexyl, and X = chloride,
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1. R,Cy,Sn + SnCl, ZZ=rmon®” e, RSNCl, + RCy,SnCI

2. R,CySn + SnCl, == =g,  RSNCl, + R,CySnCl
R = Me, Et, n-Pr, n-Bu, n-Pent

Yields: 89-97 %

Purity: >95% as isolated (GLC)

Reaction Time: 10-20 min.

RSnCl; removed by extraction with aqueous HCI

Figure 5. Process for asymmetric cyclohexyltin chlorides. Data
from Ref. 16.

Table II. Typical Asymmetric Cyclohexyltin Chlorides’

Tetraorganotin Melting
Compound Reagent Point, °C Yield® %  Purity,® %
Me,CySnCI¢ Me,CySn 33-35 89 99
MeCy,SnCl Me,Cy,Sn 52-54 97 98
Pr,CySnCl1 Pr,CySn d 97 99
PrCy,SnCl Pr,Cy,Sn 33-35 95 -
Bu,CySnCl Bu,CySn e 92 97
2 Based on tetraorganotin.

bGLC area %.

¢Cy = cyclohexyl. Sn and Cl analyses satisfactory and agree with GLC results.
dLiquid np**=1.5142.

€ Liquid, np?*=1.5108.

fAdapted from Ref. 16.

hydroxide, or acetate have met with only limited success. Although these
compounds are less phytotoxic than the trialkyltins, this is attained at the expense
of fungicidal activity. The asymmetric dicyclohexylalkyl and cyclohexyldi-
alkyltin compounds were prepared by the convenient high-yield synthesis shown
in Figure 5 (16). This is an extrapolation of the butyl transfer process shown in
Figure 1. Typical asymmetric cyclohexyltins prepared in this manner are shown
in Table II

Although the original work on the alkyltins was published more than 20 years
ago, little has appeared in the chemical or biological literature since then on the
relationship of structure to biological activity in organotin compounds. That
which has been reported in this area is usually confined to in vitro fungicidal
activity which is of limited value to the agricultural pesticide chemist because
it circumvents the important consideration of phytotoxicity. These published
reports generally confirm the initial observation of the relative unimportance
of the nature of the anionic portion of the triorganotin molecule to the overall
biological activity (17, 18, 19), although there are occasional unsubstantiated
reports of dependence (20).

It is the nature of the organic groups bonded to tin through carbon and their
number which govern the biological activity. of organotins. Table III shows some
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examples of the specificity of the structure of organotins to their acaricidal and
fungicidal activity. It can readily be seen that both the number and arrangement
of carbon atoms around tin have a profound effect on the acaricidal and fungi-
cidal activity. The activity of the molecule is very sensitive to even the slightest
change. Tricyclohexyltin hydroxide is an extremely good acaricide. The in-
sertion of a methylene group between the cyclohexyl ring and tin causes a marked
diminution in miticidal activity (Table III, example 3). The insertion of a pro-
pylene group renders the compound inactive (example 4).

Attempts to combine the good acaricidal properties of the tricyclohexyltins
with the high fungicidal activity of the triphenyltins in one molecule have been
successful to a degree. Dicyclohexylphenyltin hydroxide is almost as good an
acaricide as the tricyclohexyltins and slightly poorer than the phenyltins as a
fungicide (example 5).

Although interposing a methylene group between the cyclohexyl ring and
tin led to a decrease in acaricidal and fungicidal activity (example 3), the inter-
nally methylene-bridged compound, tris(2-norbornyl)tin hydroxide, is compa-
rable in activity with the tricyclohexyltin compound. Other examples of the
specificity of structure to biological activity are shown in Table IV.

Table III. Specificity of Related Triorganotin Structures
Acaridical Fungicidal

Example Organotin® Activity? Activity® Reference
1 Cy,SnOH ++4++ ++ 21
2 $,SnOH ++ ++++ 22
3 (CyCH,),SnBr ++ + 23
4 [(Cy(CH,),],SnBr - <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>