
About the Toxicity of Polymerization Catalysts and Polymer
Additives Based on Tin(II) Salts and Tin(IV) Compounds
Hans. R. Kricheldorf* and Steffen M. Weidner

Cite This: https://doi.org/10.1021/acs.chas.5c00105 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: This article reviews and discusses information on
the toxicity of numerous tin-based catalysts used in academic
research and industrial production for the synthesis of various
polymers, such as polyesters, polyurethanes, and polysiloxanes.
Tin(IV) compounds used as additives and as PVC stabilizers are
also considered. Emphasis is put on the differentiation between
tin(II) salts on the one hand and tin(IV) compounds on the other
hand. In the first chapter, historical facts about human contact with
stannous ions are discussed, along with toxicity studies of canned
foods and beverages. In the second part, toxicity tests based on cell
cultures and medical applications of tin(II)-containing films or
implants are described. The third part focuses on alkyl and aryl
tin(IV) compounds.
KEYWORDS: polyesters, stannous ions, toxicity tests, polyurethane, additives

■ INTRODUCTION

Tin(II) and tin(IV) compounds are widely used in the
technical production of polymers such as polyesters and
polyurethanes, and tin(IV) compounds such as dibutyltin
oxide and dioctyltin oxide are also used in a variety of other
applications (see below). Despite this, many publications
describe tin-based catalysts as toxic (or even highly toxic)
hazardous chemicals. This trend has intensified since organo-
catalysts free of any metal ions have been hailed as nontoxic
alternatives to metal-containing catalysts, especially tin-based
catalysts, a trend initiated by Hedrick and Waymouth.1,2 Some
of the typical statements published over the last 15 years are
listed below and are presented in chronological order:

“Nevertheless, heavy metal f rom the catalyst residues in the
polymer can have detrimental ef fect on the performance of the
f inal polymers, especially in microelectronics and drug delivery”
(Lohmeijer et al.).1 A similar comment was given by Zhang et
al. again without any citation of experimental facts.2

“Some studies have conf irmed that the trace amounts of tin
residues in PLA showed a toxicity ef fect.” (Rade and Garnaik,
2009).3 There, two articles were cited and commented in detail
in the second section.4,5 It should be noted, however, that
neither publication supports their original statement.

“The presence of traces of tin (as well as of other metals) may be
detrimental for some prospective applications of PLA.” (Basko and
Kubisa, 2010).6

“The least toxicity of organocatalysts in comparison to their
metallic counterparts is also driving their development.” (Ottou et
al.).7

“Such organocatalysts present lower toxicity that their organo-
metallic counterparts and can, for the most part, be safely used in
biomedical and electronic applications and be easily removed f rom
the f inal PLLA material.” (Mezzasalma et al.).8

For a long time the toxicity of this tin compound has been
known so a replacement of Sn(Oct)2 is strongly advised···”
(Schaf̈er et al.).9

“Aside f rom that, toxic impurities such as tin octanoate, the
catalysts currently used···” (Fuchs et al.).10

“Industrially, Sn(Oct)2 is used, but there are toxicity issues
associated with tin residues···” (Stewart et al.).11

“Although classif ied as food safe, toxic tin can be released in the
environment during PLA degradation.” (Conen et al.).12 Four
references were cited refs 4,5,13,14. The last two references are
reviews without toxicity data.13,14 Moreover, the first reference
proves exactly the contrary of what the authors stated and will
be discussed in the second section below together with ref 5.
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“Tin octanoate has cytotoxic properties and can accumulate
during the biodegradation of PLA posing a hazard to the
environment”. (Langletz et al.).15 This statement was supported
by three refs 14,16,17. While the first two are review articles
lacking toxicity data, the third is about a zirconium complex.
Therefore, these references cannot support the authors’
statement.

What this collection of statements has in common is that
they were all unsupported by experimental data, thus
demonstrating that most of the comments about the toxicity
of tin salts or compounds were made without citation of facts
to support them.

The following text reviews and discusses published
information on the toxicity of tin(II) and tin(IV) salts and
compounds used as catalysts or additives. However, before
discussing the details, the oldest and still valid definition of
toxicity should be quoted insofar as it is relevant to the
evaluation of the published data presented below. Around
1520, the German physician Theophrastus Bombastus von
Hohenheim, nicknamed “Paracelsus”, wrote (in Latin, as was
usual in Europe at that time): “Dosis sola facit venenum“,
literally translated: The dose alone makes the poison. Three
examples may suffice to demonstrate that this definition is still
valid, reasonable and useful in the 21st century. First, the stem
brain carefully controls the exhalation of CO2 because the
accumulation of CO2 causes the pH in the blood and brain to
drop from the standard value of 7.4, with lethal consequences
for the brain. Second, even distilled water can cause serious
brain damage when injected directly into the brain in large
amounts. Third, tin ions are present in seawater in
concentrations ranging from 0.001 to 10 μg L−1.18 The
lower concentrations are found in areas near the mouths of
freshwater rivers, and the high concentrations are found in the
vicinity of tin minerals. The LD50 of stannous (II) for fish has
been found to be in the range of 30−40 mg L−1, and the LD50
of stannous (IV) ions is over 1000 mg L−1.18 In other words,
the toxic concentration is 4−8 orders of magnitude higher than
the concentration of tin ions in nature, what indicates that the
successful evolution of vertebrates, including humans, has
created higher organisms that can easily tolerate quite high
concentrations of tin ions.

In summary, any chemical, including water, can be described
as toxic or nontoxic depending on the concentration of the
chemical in a given organ. This aspect is often ignored in
comments on the toxicity of tin ions or tin compounds.

■ HISTORIC FACTS AND CANNED FOOD
In the history of Europe, intensive contact with tin occurred in
four stages. The first permanent contact with tin began after
the invention that copper could be produced by heating copper
ores with coal to temperatures above 1000 °C. This process
was apparently invented in Anatolia (Turkey) around 7000
B.C. and ushered in the “Copper Age” in the eastern
Mediterranean. Soon, the first “miners” discovered that the
mechanical properties of copper were highly dependent on the
location of the copper ores (copper sulfide or its oxidation
products). Contamination with arsenic and/or other metals
was responsible for this correlation. The metals that could be
accompanying copper were and are mainly lead, zinc and tin. It
was found that tin was the most useful “contaminant” because
a few percent (up to 10%) significantly increased the hardness
of copper. The ductile neat copper was rather useless for
instruments or tools, such as pincers or knives, and especially

for the manufacture of weapons. The hardening effect caused
by the incorporation of tin was so enormous that it was
possible to invent a new weapon, the sword (and saber), which
played an important role in all wars from the beginning of the
Bronze Age until the end of the 18th century. The Bronze Age
in Europe began in Anatolia and Palestine in the period 3500−
3000 B.C. and spread from east to west over the next two
thousand years. In China, the production of copper and bronze
was invented independently from its birth in the Near East,
around 2000 B.C. Thus, the people of the countries living in
the Bronze Age were in daily contact with bronze, and thus
with tin(II) ions.

The second and more intensive contact of Europeans with
tin began in the late Middle Ages (15th century), when tin
became more abundant and less expensive because tools and
weapons were now made exclusively of iron (steel) and only
small amounts of tin were needed to make bronze. Both the
upper middle and upper classes of the European population
began to use tin tableware, such as plates, cups, mugs, jars,
pots, jugs, and bottles, over a period of about 400 years, and no
acute or chronic illnesses have been clearly demonstrated to
result from tin poisoning. A problem in identifying toxic effects
from tin before the 20th century is contamination with small
amounts of lead, which is far more toxic than tin. The use of
tinware instead of ceramics was due to the simple advantage
that tinware was unbreakable.

The third and even more intensive contact with tin began in
Europe with the idea of preserving food in metal cans. Over
the past 200 years, mankind has produced many billions of
cans made of steel, the inner walls of which were coated with
tin to protect the steel walls from corrosion. Thus, in British
English, tin became synonymous with can, not only in the
United Kingdom, but also in Canada, Australia, and South
Africa. Food canning was first patented (but perhaps not
invented) by the British merchant P. Durand in 1810.19,20

However, the first technical production was started in 1813
by B. Donkin and J. Hall to serve the Royal Navy.19,21 To
protect the steel walls from corrosion, the inside of the cans
was covered with a thin layer of tin. In Germany, the
production of canned food began after 1830 (initiated by H.
Zuchinger) and from this time the production of cans
increased sharply due to several wars, such as the Crimean
War (1853), the Civil War in the USA (1861−1865) and the
Franco-German War (1870−1871).

This situation prompted investigations into the toxicity of
tin(II) ions leaching from the inner wall of cans. A systematic
study of the influence of various vegetable or fruit acids (e.g.,
acetic acid, tartaric acid, citric acid) on the dissolution of
stannous ions from the inner walls of cans was published by
Hall in 1883.22 In the same year, the first comprehensive study
of the content of tin(II) in canned foods was published by
Ungar and Bodlan̈der.23 They determined the tin content of
various canned vegetables and found that the tin content was
mostly in the range of 50−200 ppm, but varied by a factor of
up to 10 depending on the type of vegetable. The first
systematic studies of the influence of stannous salts (e.g.,
tartrates) on living organisms such as frogs, rabbits, and dogs
were published by White in 1981, followed by the
comprehensive study by Ungar and Bodlan̈der mentioned
above.23,24 For canned meats, Lehmann compared the
accuracy of different gravimetric methods for the determi-
nation of tin(II) in meat and studied the toxicity of tin(II)-
containing diets for cats.25 The cats were fed approximately
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30−40 g of either sodium stannate (Na2SnO3-3H2O), tin(II)
acetate, or tin(II) tartrate over a period of 18 months, and he
studied the effect on the organism of the euthanized cats. He
found no toxic effects. Subsequent studies by various research
groups have all confirmed that the amounts of stannous ions
leaching from the tin coating of cans are harmless to the
human body.

Especially in the decades before 1900, there were numerous
reports of poisoning in people who had eaten canned food over
a period of several weeks or months. However, in all cases
where the origin of the poisoning was identified, lead was
found to be the source of the toxic effects. The most famous
example was the J. Franklin Arctic Expedition of 1845−1848.
The crew had eaten canned food for 3 years and eventually
became severely poisoned by the ingestion of lead ions. In all
cases, the source of the lead was the solder used to seal the
cans. Before 1830, pure lead was used, which was replaced in
later years by tin alloys containing lead. Before World War I,
the technology for sealing cans had improved to the point that
lead contamination was prevented, and the billions of cans
consumed during World War I did not cause poisoning in
soldiers. It seems that these reports of poisoning from eating
canned food containing lead ions are the origin of the still
persistent rumor that stannous ions are toxic to the human
organism.

A paper by Eckhardt examined poisoning in dogs and
canines that had eaten cheese wrapped in tin foil (a standard
packaging method used before World War I).26 However, such
a scenario is quite different from that of humans eating canned
food, and the absence of lead was not investigated. Eckhardt
also cited the results of numerous other research groups that
had found contamination in canned foods, but most of his
citations were unpublished doctoral theses written in German.
Kobert reported another source of poisoning, attributing the
majority of cases to spoiled food.27 He also acknowledged that
consuming large quantities of dissolved tin from highly acidic
canned foods could theoretically lead to tin poisoning.
Hartwig’s dissertation summarized the state of knowledge
about tin poisoning up to 1908.28 He concluded that canned
foods containing tin do not cause acute poisoning. Therefore,
the symptoms of poisoning in humans are not due to the tin,
but to the spoiled canned food; however, chronic intoxication
cannot be ruled out if only canned food is consumed.

Particularly interesting were the results of Shryver, who ate
tin tartrate himself over a period of 3 weeks and determined
the tin excreted in faeces and urine in comparison with the tin
ingested.29 His self-experiments and studies in dogs led him to
conclude that almost all tin is rapidly excreted and that “···
there is little likelihood of chronic tin poisoning resulting from
ingestion of canned food.” Salant et al. focused their work on
the question of how tin is eliminated from the bodies of
mammals such as rats, rabbits, cats, and dogs.30 Tin tartrate or
stannous tartrate was dosed either subcutaneously, intra-
venously, or orally. They concluded: “···that the gastro-
intestinal tract is the chief organ for the elimination of tin,
that the kidneys play a subordinate though important role···
appreciable quantities are eliminated during the first and
second days. ···Absorption of tin from the gastrointestinal tract
may take place under certain conditions.”

In 1926, Handovsky published a study of the toxic effects of
tin(II) tartrate or tin(II) catechol complex applied by
subcutaneous injection to rabbits and guinea pigs.31 He
found a rather high toxicity with a lethal effect within a few

days when doses of 70 mg kg−1 tartrate or 150 mg kg−1

aromatic complex were applied. At first glance, these results
appear to contradict those of Lehmann and other authors cited
above and below, but a direct comparison is misleading for the
following reasons. First, the concentration used by Handovsky
is extremely high, and according to Paracelsus’ definition,
intoxication can be achieved with any kind of heavy metal (and
other chemicals) if a sufficiently high dose is administered. It is
well-known that Fe or Cu ions injected into the human body
are highly toxic and can cause necrosis around the injection
site, although both ions are needed in low concentrations for
the combustion of glucose in the human metabolism. Further
studies confirmed the low toxicity of tin(II) ions in canned
foods or beverages. Seifter and Rambousek studied the
distribution of tin(II) in various organs of rabbits after
intravenous injection of a stannous dithiolate and concluded
that (a) the organs can tolerate relatively high concentrations
of tin; (b) tin is rapidly excreted after intravenous injection;
(c) stannous citric acid and stannous citric acid are of low
toxicity.32

Two reviews of toxicity studies (including organotin
compounds) have been published by Schaf̈er and Femfert
and Winship. In the latter, the author summarized that
Inorganic tin salts are poorly absorbed and rapidly excreted in
the faeces; as a result, they have a low toxicity.33,34 Moreover,
long-term animal carcinogenic studies have shown fewer
malignant tumors in animals exposed to tin than in controls.
Human volunteers developed mild signs of toxicity with tin,
given in fruit juices, at a concentration of 1400 mg kg−1,
whereas the permissible limit for tin in tinned food (World
Health Organisation − WHO, 1973) is 250 μg kg−1. In 2006
the WHO and its JECFA (Joint Expert Committee on Food
Additives) have investigated tin toxicity, focusing on inorganic
tin in food, particularly in canned goods. While metallic tin is
generally considered nontoxic due to its poor absorption, large
amounts of inorganic tin compounds can cause health issues.
The WHO advises against storing food in opened, tin-plated
cans due to potential adverse reactions. The tolerable human
intake should be max. fourteen mg kg−1 (body weight).35 All
this information clearly illustrates the classical definition of
toxicity: “the quantity makes the toxic effect”.

The low human toxicity of tin(II) ions found in the
aforementioned studies, combined with their high cytotoxicity
against many types of microbes and fungi, suggested the use of
tin(II) salts as food preservatives.36,37 In 1970, the American
FDA approved tin(II) 2-ethylhexanoate and other tin(II) salts,
especially SnCl2, as food preservatives.38,39 For example, SnCl2
is the standard stabilizer for canned or bottled asparagus and
for all types of tomato products such as soups, sauces, and
juice. The fact that hundreds of thousands of liters of tomato
juice are consumed every year, for example in airplanes,
without poisoning tourists and business people, proves on the
largest possible scale that the human toxicity of tin(II) ions is
extremely low.

SnCl2 is preferred as a food stabilizer because it is much less
expensive than other tin(II) salts and because, unlike tin(II)
acetate or hexanoate, it is soluble in water. A specific value that
the authors have found for SnCl2 is that up to 200 mg kg1− is
harmless.38,39 In agreement with this value, the European Food
Safety Authority (EFSA) has set the upper limit for tin(II) in
canned foods at 200 mg kg−1 and for canned beverages at 100
mg kg−1.40 The effective concentration of SnCl2 in tomato
juice, soups and other tomato products is in the range of 1−
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10% of the above benchmark. Since 1970, the health risk of
SnCl2 as a food additive has been re-evaluated several times by
different institutions. The most recent report found by the
authors dates back to 2018. The European Commission
requested a re-evaluation by a panel of 28 experts. The final
statement in their report reads: “The panel concluded that
stannous chloride (E 512) is of no safety concern at the
current authorized uses and use levels”.41 This statement can
be seen as a summary of nearly 150 years of research on the
toxicity of tin(II) in foods and beverages.

A fourth historical fact from the last 50 years is the now
widespread use of SnF2 in toothpaste.42,43 It serves as a source
of fluoride ions and as a bactericidal preservative. Just two
examples should be given. Haraszthy et al. evaluated the effect
of fluoride toothpaste on bacteria reduction. They found that
stannous fluoride toothpaste provided bacterial reductions in
all oral microenvironments 12 h after brushing. In addition, the
authors observed microbial reductions 4 h after brushing,
which increased after extended use.44 Hagenfeld et al.
evaluated differences in the microbiome after the use of two
antiadhesive and antibacterial toothpastes during periodontal
therapy on a mild and moderate periodontitis population. After
DNA extraction, amplification and sequencing, they did not
notice any differences in microbiome diversity.45

The fact that the high cytotoxicity to microbes coexists with
the low human toxicity of tin and tin(II) ions is paralleled by
the properties of copper and copper(II) ions. The high toxicity
to microbes and bacteria has been known for centuries, but the
human body needs at least 1.0−1.5 mg per day in its nutrition,
because Cu is an essential trace element needed for the
activation of enzymes, for example in the mitochondria.46,47

The lack of correlation between cytotoxicity and human
toxicity also has implications for the inverse correlation. If
metal complexes show a low cytotoxicity against one or two
types of cell cultures, this positive result does not allow a
reliable conclusion that the human toxicity of these complexes
is also low. The cytotoxicity test with cell cultures does not say
anything about the interaction of metal complexes with
individual organs, such as the surface of nerve cells, their
synapses, kidney tubules, erythrocytes or mitochondria.

■ MEDICAL APPLICATIONS OF TIN(II) CONTAINING
POLYESTERS AND TOXICITY TESTS

The papers of Stjerndahl et al.4,14 were cited by Rade et al. and
Conen et al. as evidence for the toxic nature of tin based
catalysts, especially SnOct2.

3,12 A review of these papers by the
authors yielded the following results. In the first publication,
Stjerndahl et al. exclusively studied the ROP of ε-caprolactone
by means of tin catalysts with the aim of minimizing the
catalyst concentration, and thus the risk of intoxication, but
toxicity studies were not described.4 In the following paper,
Stjerndal et al. studied the proliferation of mouse mesenchymal
stem cells in contact with films made from SnOct2-catalyzed
poly(ε-caprolactone).14

The concentration of SnOct2 was varied by a factor of 10,
but no inhibition of stem cell proliferation was ever observed.
Therefore, these results contradict to the comments of Rade et
al. or Conen et al.3,12

A much broader base of information about the toxicity of
SnOct2 containing polyesters used for medical applications was
obtained by one of the authors.48−53 Together with a team of
surgeons led by C. Jürgens, resorbable films based on lactide
copolymers were developed for wound dressing with a focus

on burn wounds. Since most of the reports and patents were
published in German, a brief description will be given below.
These copolymers were prepared by SnOct2-catalyzed
copolymerization of D, L-lactide with a small amount of ε-
caprolactone and optimized for a glass transition temperature
between 30 and 37 °C. A monomer/catalyst ratio of 1000/1
was used in the production (an even higher amount of SnOct2
was used for the first experiments described in the patent), and
the catalyst was not removed prior to testing and medical
application.49 Initially, the growth of HELA cancer cells or
keratinocytes on these films was investigated and, in agreement
with the aforementioned report by Stjerndahl et al., only
positive results were obtained.14 As a result, animal (rat)
studies were approved by an ethics committee, and after initial
positive results, application to human patients (volunteers) was
permitted. Eventually, the product was marketed by Biomet
Orthopedics Inc. under the brand name “Topkin”. Another
application of the slightly modified films was found as a tissue
separation film, which was commercialized by Biomet under
the trademark “Mesofol”.50,53,54 Unfortunately, commercializa-
tion was discontinued after 11 years for financial reasons. In
the meantime, several hundred patients have been successfully
cured without any evidence of intoxication by SnOct2. These
results provide a reliable basis for concluding that the traces of
SnOct2 delivered to the human body by the slow resorption of
implants are absolutely harmless. This conclusion can be
extended to implants and drug delivery systems, inasmuch as
the health risk from side effects of the drugs is much higher
than any health risk from intoxication by the traces of released
tin(II) ions. The numerous medical and pharmaceutical
applications of PLAs are reviewed in refs55−62 All these
applications are based on commercial PLAs produced with
SnOct2 as catalyst. The monomer/catalyst ratio used in
technical production is typically in the range of 5000/1−
10,000/1, and thus the Sn concentration is a factor of 5−10
lower than in the case of the films studied by Jürgens et al.
Therefore, an intoxication effect resulting from the slow release
of SnOct2 over several months is absolutely unlikely and, to the
best of the authors’ knowledge, has never been demonstrated.

Another paper cited by Rade et al. and by Conen et al.
serving as evidence for the high toxicity of tin(II) is a paper by
Tanzi et al.3,5,12 This author compared the toxicity of dibutyl
tin laurate (DBTDL) and SnOct2 against two cell lines in a cell
culture test. The cell lines used for these tests were Swiss 3T3
mouse fibroblasts and HEC human endothelial cells. The
results were quantified in terms of IC50 values, i.e., amounts of
catalysts that stop the proliferation of 50% of the cells. Two
results are worth discussing at this point. First, as expected
from the results presented in the following section, the toxicity
of DBTL was almost 100 times higher than that of SnOct2.
Second, the cells were grown in contact with commercial
polyurethanes containing 2% DBTL. This amount of tin(II)
ions was nearly 200 times higher than the amount of tin in
commercial PLA. Consider 7.2 g of a polylactide implant or
film prepared with a monomer/catalyst ratio in the range of
10,000/1 (as usual in technical production). The total amount
of tin is about 0.5 mg or 0.01%. Considering the higher toxicity
of DBTL, the health risk of the polyurethanes was 4 orders of
magnitude higher. Considering also that, as demonstrated
above for tin(II) ions, cytotoxicity tests with cell cultures or
microbes do not parallel human toxicity, Tanzi’s cytotoxicity
tests do not provide reliable information on the health risk of
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tin(II) ions released from the resorption of medical implants or
drug delivery systems.

In contrast to the reports by Handovski31 or Tanzi et al.5

demonstrating intoxication with high concentrations of tin(II)
salts, three papers are noteworthy, demonstrating that tin(II)
ions are required as trace elements in animals.63−65 Schwarz et
al. were the first group to report this new aspect of tin.63 These
authors fed rats a tin-free diet and found that the addition of
trace amounts of tin ions after several months of feeding
significantly improved the growth of the rats, and they
concluded: “These results suggest that tin is a hitherto
unrecognized essential trace element”. The other studies confirm
the role of tin(II) as trace element of certain animals.64,65

Whether tin(II) is needed as trace element in the human body
is seemingly still unknown and difficult to study, because a tin-
free diet is difficult to realize for a period of several months.

The catalytic activity and application of tin(II) catalysts will
only be briefly discussed here, as these aspects have recently
been reviewed and discussed in detail by the authors.66 SnOct2
is the standard catalyst for the technical production of
polylactides. In combination with alcohols serving as initiators,
predominantly linear PLAs are produced, whereupon the
molar masses are controlled by the lactide/initiator ratio.
Cyclic polylactides can be obtained with pure SnOct2. Tin(II)
acetate, which is also commercially available, gives similar
results in principle, but is more expensive than SnOct2 and
difficult to dissolve in inert organic liquids. SnCl2 is inferior to
SnOct2 for ROPs of L-lactide and lactones, but superior when
the polymerization process includes condensation steps. For
academic research focused on the synthesis of polylactides,
numerous tin(II)-based catalysts have been synthesized and
used for the polymerization of rac-D,L-lactide or L-lactide in
bulk or in solution (Schemes 1, 2, 3, 4, and 5).67−69

Covalent cyclic tin(II) catalysts summarized in Scheme 6
have been designed and successfully used for the preparation of
cyclic poly(L-lactide)s in bulk.70−72 For the sake of
completeness, the Sn(IV) salt formulated in Scheme 7 should
be mentioned, which was designed as a flame retardant
additive.73 In neither case have toxicity data been published.

■ APPLICATION AND TOXICITY OF ORGANIC
TIN(IV) COMPOUNDS

Organotin(IV) compounds have been and continue to be used
in a wide variety of applications such as transesterification
catalysts, polymerization catalysts, stabilizers of poly(vinyl
chloride), additives to various plastics, leather, textiles, paints,
etc. Toxicity studies have shown two main trends: First,
toxicity decreases with the length of the alkyl chains attached
to the Sn atom. Second, toxicity decreases with the number of
organic groups attached to the Sn atom.

In general, tetraalkyl- and trialkyltin compounds are more
toxic than dialkyltin compounds because they are highly
lipophilic and can easily pass through cell membranes.
Therefore, they can accumulate in fatty tissues, such as the
brain and liver, and cause neurotoxic effects.74 Furthermore,
tetraalkyltin compounds are chemically more stable and
metabolized more slowly in the body, resulting in a longer
retention time. In contrast, dialkyltin compounds degrade
faster by hydrolysis or enzymatic processes.75 Tetraalkyltin
compounds often act as enzyme inhibitors, particularly on
ATPase systems in nerve cells.76 Dialkyltin compounds tend to
have an immunosuppressive or endocrine disrupting effect, but
usually only at higher doses.77

Review articles with comprehensive toxicity data of several
organotin compounds were published by Nicklin and Robson
in 1988 and Cooney and Wuertz in 1989.78,79

The first toxicity studies of an organotin compound were
reported by White in 1881, who compared the toxicity of
triethyl tin acetate and tin(II) sodium tartrate.24 Both tin

Scheme 1. Tin(II) Complexes as Catalysts for ROP of
Lactide Synthesized by the Gibson Group67

Scheme 2. Tin(II) Complexes as Catalysts for the
Polymerization of Lactides Synthesized by the Phomphrai
Group68
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compounds were injected into animals and the toxicity of the
triethyltin compound was found to be significantly higher than
that of the tin(II) salt. A more extensive study with similar
results was published two years later by Ungar and Bod-
lan̈der.23 A comprehensive comparison of numerous trialkyl

and dialkyl tin compounds was reported much later by Stoner
et al.80 However, methyl-substituted tin compounds were not
included in this study. These authors found that the triethyl tin
salts exhibited the highest toxicity of all tin(IV) compounds
and elaborated on the trends noted above. After the Stoners
work, numerous research groups began to investigate the
toxicity of methyl dimethyl and trimethyl tin salts (this list is
not exhaustive).81−92 The background to these studies is the
use of methyl and dimethyl tin chlorides as starting materials
for the production of PVC stabilizers. The most commonly
used stabilizers prepared from alkyltin chlorides are summar-
ized in Scheme 7.73 Recently described noncommercial heat
stabilizers are formulated in Scheme 8.93,94

Since the toxicity of tin salts and tin compounds is partly
based on their interaction with the S−H groups of cysteine and
mercaptopurine, the less reactive tin compounds containing
Sn−S bonds have presumably a lower toxicity. In general, the
Sn−S bond is more stable and less polar than the Sn−O bond
(except for oxidation reactions).95 Since inorganic tin sulfides
are hardly soluble in vivo and thus are poorly distributed, they
show only little affinity to biological target structures.96 The
presumably lower toxicity of Sn−S compounds may be one
reason why they are used in relatively large quantities as
additives to PVC. Other reasons are their excellent perform-

Scheme 3. Ionic Tin(I) Complexes Synthesized by the
Novak Group69

Scheme 4. Other Ionic Tin(I) Complexes Synthesized by the Novak Group69
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ance as heat stabilizers and their usefulness as radical
scavengers, as shown below.

Since the toxicity of ethyl tin compounds is similar to that of
methyl tin compounds, but their synthesis is slightly more
expensive, ethyl tin compounds do not play a significant role as
additives. Propyl tin compounds are not technically produced,
so butyl tin compounds have found wide interest as additive
stabilizers and catalysts because their toxicity is much lower
than that of methyl or ethyl tin compounds.80

In analogy to methyl or ethyl tin compounds, the highest
toxicity for microbes and mammals was found for tributyl tin
compounds (TBTs). Following the discovery of their high
toxicity to fungi and other microbes after 1950, TBT chloride,
TBT hydroxide and bis(hexamethyl distannoxane) were used
in rapidly increasing quantities as components of antifouling
paints for ships.32 However, after 1990 it was observed that
marine animals near shipyards suffered from cancer and
various diseases.97−101

In principle, butyl and higher alkyl tin(IV) compounds
oxidize in the presence of oxygen and sunlight to produce the
insoluble and harmless SnO2. However, they can accumulate in
the soil under and around shipyards and persist for months or
years. After careful evaluation of these consequences, all TBT
compounds were banned for use in marine paints by the
International Marine Organization in September 2008.
However, the less toxic triphenyl tin hydroxide, which was
registered as a pesticide in the USA in 1971, is still used to
protect various vegetables from fungi despite its toxicity to
marine life.102,103

Dibutyltin derivatives are much less toxic than TBT
compounds and are still used in many applications.104−108

The starting material for all syntheses is dibutyltin dichloride.
Dibutyltin oxide (DBTO) and dibutyltin dilaurate are used as
catalysts for the production of polysiloxane- polyesters, but the
main application of the dilaurate is the synthesis of
polyurethanes from aliphatic diols and diisocyanates. The
dilaurate is advantageous for this purpose because it is liquid
and rapidly miscible with the reactants, unlike the solid DBTO
or dioctyl tin oxide. Dioctyl tin oxide, which is less toxic, has
found a much wider range of applications, for example as a
catalyst and additive in insulating varnishes, paints, coatings, air
fresheners and machine-washing fluids. Production in Europe
is about 1000 tons per year.107 DBTO and dioctyltin oxide
have rarely been used as polymerization catalysts for cyclic

Scheme 5. Ionic Tin(II) Complexes Synthesized by the Novak Group69

Scheme 6. Covalent Tin(II) Compounds for the
Preparation of Cyclic Poly(L-lactide)s Synthesized by the
Kricheldorf Group70−72

Scheme 7. Structure of Sulfur-Containing Additives (I+II),
Cyclic Mercaptides (III) and Sulfur-Free Organotin
Stabilizers (IV+V)73 Used for Poly(vinyl chloride) (PVC)
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esters, but they were found to yield predominantly cyclic
polylactide when used as catalysts for the ROP of lactide.108,109

For the toxicity of DBTO, a rat LD50 of 450 mg kg−1 is
available on the WWW. It is interesting to note that this value
is higher than that of N, N-dimethylaminopyridine (DMAP,
140 mg kg−1). This amine and similar highly nucleophilic
tertiary amines have been used by several research groups as
allegedly low toxic organocatalysts. In other words, according
to this standard test, DMAP is three times more toxic than
dibutyltin oxide. Another informative comparison comes from
the LD50 data of several commonly used drugs. As shown in
the following Table 1, the toxicity of dibutyltin oxide is less
than or comparable to that of several frequently used drugs.

For research purposes, the dibutyltin phenoxides and
thiolates summarized in Scheme 9 were synthesized and
used as catalysts for L-lactide or glycolide.110,111 Depending on
the acidity of the underlying phenols or thiophenols, either
predominantly linear or cyclic polylactides were obtained.
Toxicity data for these new catalysts are not available, but it is
expected that their toxicity will be comparable to that of
DBTO, unless they contain Sn−S bonds that reduce their
reactivity and presumably their toxicity.

In addition, the synthesis of numerous cyclic dibutyltin
bisalkoxides has been described (Scheme 10).112 These cyclic
catalysts initiate ring expansion polymerization of cyclic esters
to give cyclic polymers containing the catalyst in the ring. In
contrast, the cyclic dibutyltin compounds compiled in Scheme
11 catalyze ring-expansion polymerization with automatic
elimination of the catalyst, so that neat cyclic polyesters are
the reaction products.113−115 Toxicity data have not been
published for any of these new catalysts, but it is predictable
that their toxicity will be too high for commercial applications
of the resulting cyclic polyesters.

Finally, numerous tin complexes should be mentioned that
have recently been proposed as flame retardant and UV
stabilizers for PVC (exemplarily illustrated in Schemes 12 and
13).116−123 Again no toxicity data have been published.
Furthermore, no comparison has been made with commercial
UV stabilizers, so their potential for commercialization is
unpredictable.

■ COMPARISON WITH ORGANO-CATALYSTS
The rumors defaming metal-based catalysts in general and tin
containing catalysts in particular have been stimulated over the
past 15 years by research groups claiming that metal-free
organic catalyst are advantageous over metal catalysts because
of their lower toxicity (see Introduction section).1,2 Since the
toxicity of metal catalysts varies over a wide range, such a
general statement does not make sense. For example, bismuth
subsalicylate, which is a good catalyst for ROPs of cyclic esters
and for the alcoholytic degradation of biodegradable
polyesters, has been used for more than a century as a drug
for stomach problems (e.g., under the brand name
“Peptobismol”).125−128 The recommended dose is 1 g per
day! Furthermore, magnesium and zinc are essential to human
nutrition. No organocatalyst can match the minimum toxicity
of catalysts such as bismuth subsalicylate, magnesium acetate,
and zinc lactate. In addition, those authors that recommend
organocatalysts typically did not publish toxicity data. A
comprehensive study and comparison of the toxicity of various
organocatalysts using cell culture cytotoxicity tests was
published by Nachtergael et al. and showed that their toxicity
can be high and varies over a wide range.129 In addition, as
noted above, the LD50 of rats fed with N, N-dimethylamino-
pyridine (DMAP) was higher than that of Bu2SnO and
transdermal tests in rabbits showed DMAP to be 25 times
more toxic than SnOct2.

66 Other tertiary amines such as 1,8-
d i a z a b i c y c l o - u n d e c - 7 - e n e (DBU) a n d 1 , 5 , 7 -
triazabicyclo(4.4.0)dec-5-ene (TBD) which are more nucleo-
philic and more basic than DMAP, are certainly not less toxic.
Furthermore, the toxicity data of numerous common and
widely used drugs listed Table 1 suggest that most of these
medications are more toxic than SnOct2.

Finally, it should be pointed out that there is an amusing
irony in the disparagement of metal-containing catalysts by
those who cheer organo-catalysis, because all human beings,
including organo-catalysis advocates, owe their lives to the
permanent and efficient functioning of numerous enzymes
activated by metal ions.

■ CONCLUSIONS AND OUTLOOK
Tin is one of the most important metals in the history of the
human civilization. Even after 7000 years, modern society and
industry still rely on tin for many applications, such as
protection against corrosion, in food packaging, in semi-
conductors and solar cells, and as catalysts in polymer
chemistry. The broad application of tin, tin salts or tin
compounds in our everyday lives and in research had and has
the consequence of permanent discussions about their toxicity
and usefulness. For an objective view on usefulness and risks of
tin salts and tin compounds it is very important to differentiate
between the various classes of tin salts and compounds. Above
all, it is necessary to differentiate between tin(II) and tin(IV),
and, in the case of tin(IV) compounds, to differentiate between
alkyl derivatives containing more or less than two alkyl groups.
The results presented above suggest that the widespread
rumors about the high toxicity of tin salts and compounds have

Scheme 8. Thermal Stabilizers Based on Alkyltin Mercaptoethyl Carboxylate Sulfide Using Palm Fatty Acid distillate (I)93 and
Alkyltin Dineodacanoate94 Proposed or Used for Poly(vinyl chloride) (PVC)

Table 1. Toxicity Data of Common Drugsa

pharmaceutical name LD50 [mg kg−1] oral (rat)

paracetamol 338
dexamethasone 50
resorcin 330
lidocaine 314
codeine 427
diclofenac 245
ibuprofen 636/740 (mouse)
phenobarbital 162
diazepam 249
methamphetamine -/34 (mouse)

aRetrieved from Wikipedia.
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four sources. The first origin dates back to the mid-19th
century, when food was canned in tin-plated steel cans.
However, all toxicity studies conducted at that time confirmed
that the reported toxic effects resulted from either lead in the
solder used to close the cans or from fouling food inside the
cans. The second source of rumors is the unjustified
generalization that the high toxicity of tributyltin compounds
applies to all tin salts and compounds. The third source is the

Scheme 9. Dibutyltin Bis-Phenoxides and Bis-Thiolates for the Synthesis of Cyclic Polyesters Prepared by the Kricheldorf
Group110,111

Scheme 10. Cyclic Dibutyl Bisalkoxides for Ring-Expansion
Polymerization of Cyclic Esters Prepared by the Kricheldorf
Group112

Scheme 11. Cyclic Dibutyltin Bismercaptides (I) and Cyclic
Bisphenoxides (II) for Syntheses of Cyclic Polyesters
Prepared by the Kricheldorf Group113−115

Scheme 12. Biobased Tin Phytate for Enhanced Flame
Retardancy and Smoke Suppression116
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assumption that a high cytotoxicity against certain microbes
necessarily indicates high toxicity for humans. However, the
effectiveness of SnCl2 as a food preservative and of SnF2 in
toothpaste demonstrates that there is no simple, direct
correlation between cytotoxicity against certain microbes and
general toxicity to the human body. A fourth source of rumors
is based on misinterpreting toxicity tests. Superficial comments
and discussions about the toxicity of tin and its derivatives
frequently ignore the fact that the toxicity of any chemical
depends on its quantity and concentration. Therefore, toxicity
tests with concentrations far above the tiny quantities of
catalysts used to produce polylactides and other biodegradable
polymers do not provide useful information about the health
risks of these polymers because the residual catalysts are
delivered over the course of weeks or months.

In this regard, it should be noted that tin minerals, such as
Herzenbergit (SnS) and Kassiterit (SnO2), are found in many
countries around the world, and that seawater comes into
contact with these minerals. Therefore, seawater contains
various concentrations of tin ions, and the successful evolution
of animals and plants demonstrates that all living organisms are
accustomed to the low concentrations of tin ions found in
nature. Thus, it is not reasonable to attribute a high risk to the
environment from the delivery of tin(II)-based catalysts.
Tin(II) ions are reducing agents that are oxidized by Fe(III)
ions and sunlight in the presence of oxygen. The result is the
formation of insoluble, harmless SnO2. Unlike trialkyltin(IV)
compounds, a dangerous accumulation of tin(II) ions on the
ground has never been proven. These aspects suggest that
tin(II) salts and compounds are environmentally benign
catalysts with low human toxicity, thus meriting further
exploration of their potential.

The following examples highlight this conclusion. SnOct2 is
the standard catalyst for the technical production of PLA and
LA-containing copolymers, but the 2-ethylhexanoate is not
part of the human metabolism. A more environmentally
friendly version of this catalyst are tin(II) carboxylates of n-
alkanoic acids because even-numbered n-alkanoic acids are part
of human and mammalian metabolism. The tin(II) salts of a

mixture of three or four alkanoic acids may have lower melting
points, so that its mixing with liquid monomers may be as fast
as that of SnOct2.

Recent research by the authors has demonstrated that tin(II)
carboxylates and a cyclic tin(II) compound (Scheme 6) are
efficient and inexpensive catalysts for the synthesis of high
molecular weight cyclic PLA and cyclic polyglycolide under
industrial production conditions. Cyclic polyesters have several
advantages over their linear counterparts, such as lower melt
viscosity, higher melting temperature, and higher thermal
stability. However, catalysts and/or reaction conditions that
allow for the systematic variation of molecular weights are
lacking.

In this regard, it is worth mentioning that cyclic, chiral
catalysts based on tin(II) and a-amino acid derivatives are an
unexplored working field.

One challenge for inorganic chemists is exploring the
reactivities of catalysts consisting of Sn atoms linked via O-
bridges to other nontoxic metal ions such as Zn, Zr, and Bi.
Another interesting, yet unexplored, issue is the potential
usefulness of highly reactive tin(II) amino compounds as
catalysts for the ring-opening polymerization (ROP) of lactams
and transamidation reactions of polyamides.

The question of whether traces of tin salts are needed in the
human body and other living organisms to activate enzymes
has not yet been clearly answered yet. However, tin is
supposed to be a component of the tissue hormone gastrin,
which regulates hydrochloric acid production in the stomach
and might be involved in protein and enzyme processes,
especially in connection with oxidation and degradation
processes.130 Further studies with positive results may indicate
that PLAs containing small amounts of stannous salts may be
useful as drug delivery systems for special applications.

In summary, studies of tin(II) based catalysts and additives
are not an old-fashioned, exhausted working field, more or less
obsolete due to their (highly overestimated) toxicity; in
contrast, the authors think that further exploration of this field
has a promising future.
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