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Organotin  catalysts  are  used  to  catalyze  the  reaction  of  isocyanates  and  alcohols  in  the  manufacture  of
urethanes.  Therefore  it is important  to understand  the  mechanism  of  the  catalysis  to  get a greater  con-
trol  of  the  reaction  to  obtain  specific  properties  of the  final  product.  Until  now  the  proposed  mechanism
related  to  organotin  catalysis  of  urethane  formation  is  based  on  the  mechanism  suggested  by  Bloodworth
and  Davies  (1965)  on the  reaction  between  trialkyltin  alkoxide  and  phenyl  isocyanate.  In the  present
work  computational  and  experimental  methods  were  used  to  investigate  the  interaction  between  tri-
alkyltin  alkoxide  and  phenyl  isocyanate.  The  computational  results  agree  with  the experimental  results
reported  by  Bloodworth  and Davies.  The  computational  investigation  also  provided  further  insight  into
the  interaction  mechanism.  The  investigations  indicate  that  initially  the  isocyanate  oxygen  is  attracted
towards  the  tin  atom  of the  organotin  alkoxide,  which  subsequently  undergoes  an  insertion  reaction
to  form  an  organotin  O-carbamate  (methyl  tributylstannyl  phenylcarbonimidate),  which  rearranges  to
form an  organotin  N-carbamate  (methyl  phenyl(tributylstannyl)carbamate).  Model  compound  studies

13
of the  urethane  formation  in  the presence  of  trialkyltin  catalyst  using C NMR  and  FT-IR  data  show  that
the  reaction  goes  through  a termolecular  mechanism.  This  is  also confirmed  by  comparing  reaction  rates
between  trialkyl  and  dialkyl  tin  as  catalyst  at  similar  tin content  for the  reaction  between  aromatic  iso-
cyanate  and  alcohol  and  comparing  with  computationally  calculated  intrinsic  reaction  coordinate  profile
of different  transition  states  for similar  interactions.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Polyurethanes are formed by the reaction between a polyiso-
yanate and a polyol. They are major groups of polymers used in
roducts such as coatings, adhesives, elastomers and composites
2]. However, as in most chemical reactions, catalysts are used in
ractical applications of polyurethane synthesis. Despite that, sev-
ral types of catalysts have been used in the polyurethane industry
3]. Amongst them, organotin compounds are the most commonly
sed catalysts due to outstanding efficiency. Therefore, to under-
tand the mechanism of organotin compounds in the catalytic
rocess of the urethane synthesis has become important for the

dvancement of the polyurethane industry. The organotin catalysis
f urethane formation has been intensively investigated [1,4–11].
loodworth and Davies [1] have reported that trialkyltin methoxide

∗ Corresponding author at: School of Chemical Sciences, The University of Auck-
and, New Zealand. Tel.: +64 9 923 9722; fax: +64 9 373 7422.

E-mail address: t.soehnel@auckland.ac.nz (T. Söhnel).

ttp://dx.doi.org/10.1016/j.molcata.2014.08.003
381-1169/© 2014 Elsevier B.V. All rights reserved.
will readily react with phenyl isocyanate to undergo an insertion
reaction to give tin carbamate as shown in Scheme 1.

The reaction has provided information on how organotin
catalysts catalyze urethane formation between isocyanate and
alcohol. The mechanism suggests that catalysis takes place through
an insertion reaction by the interaction of the isocyanate and an
organotin alkoxide that is formed as a result of alcoholysis of
an organotin compound. Apart from this mechanism two  other
mechanisms have also been proposed: an ionic mechanism and a
Lewis acid mechanism [12]. However, out of the three proposed
mechanisms the insertion mechanism has gained more interest
compared to the others. Based on this information the mechanism
of organotin compounds on the catalysis of urethane formation has
been reviewed [12–14]. It seems possible that the mechanism of the
reaction differs depending on the type of tin catalyst used as well
as the relative concentrations of both the catalyst and reagents. In

spite of all the efforts that have been put into elucidating the reac-
tion mechanism of organotin in urethane formation the complete
mechanism still remains unknown. In this paper we have investi-
gated the reaction mechanisms using a computational chemistry

dx.doi.org/10.1016/j.molcata.2014.08.003
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcata.2014.08.003&domain=pdf
mailto:t.soehnel@auckland.ac.nz
dx.doi.org/10.1016/j.molcata.2014.08.003
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Scheme 1. Interaction betw

pproach. Computational methods have already been used to
nvestigate reactions between isocyanate and alcohol groups
15–21]. The urethane formation in the presence of a catalyst has
nly been reported for tertiary amines [22,23], however little effort
as gone into investigating urethane formation in the presence of
rganometallic compounds, metal salts or metal chelates. In the
tudy presented in this paper the interaction between trialkyltin
lkoxide and aromatic isocyanate was investigated using computa-
ional methods to gain insight into the reaction mechanism. Once
he mechanism was selected the hypothesis was  tested against
ew experimental data. We  believe that this will clear most of the
nknown in the reaction mechanism and provide information to
esign new catalysts that are more efficient and less toxic to the
nvironment.

. Experimental

.1. Computational details

Very recently we have investigated urethane catalysis in the
resence of organotin carboxylate catalyst using computational
ethods [24]. In this work we have tested the DFT B3LYP func-

ional and ab initio MP2  level of theory with basis sets 6-31G*,
-31G** and 6-31+G** for all light elements and LANL2DZ for tin
tom in different solvent environments to simulate the interaction
etween organotin compounds, isocyanate and alcohol. The com-
utational approach given in this paper has also been applied in
he present investigation and the results are reported here. In the
resent investigation the interacting centers of the two molecules
re brought together step by step while optimizing the energy at
ach step using a selected level of theory. The energy profile of
he interaction will give information related to mechanism. In the
ollowing work the DFT/B3LYP LANL2DZ/6-31G* level of theory
s selected unless specified. From these simulations approximate
ransition states were obtained and refined using the Berny algo-
ithm [25] until one negative frequency was obtained in all cases.
hen it is verified by relating to product and reactants using an
ntrinsic reaction coordinate approach [26,27]. Steps are also taken
o check the effect of the polarity of a solvent on reactivity and

echanism by using the CPCM model [28,29] and water as polar
olvent and toluene as non-polar solvent. In this work we used
odel compounds such as phenyl isocyanate, methyl isocyanate,
ethyl alcohol, trimethyltin methoxide (TMTM) and dimethyl

in dimethoxide (DMTDM) to model aromatic and aliphatic iso-
yanates, polyol, tributyltin methoxide (TBTM) and dibutyltin
ibutoxide (DBTDB), respectively. Computational work was carried

ut using the Gaussian 09 [30] and Spartan 10 [31] computa-
ional software programs. All calculated energies are reported as
lectronic energies at 0 K unless specified. The values reported
s free energies and enthalpies include zero point correction at
98 K.
TM and phenyl carbamate.

2.2. Experimental work on reactivity of isocyanate and alcohol in
the presence of organotin compound as catalyst

Isocyanates were reacted with alcohols in various quantities in
the presence of organotin compounds as catalysts in xylene and
THF. The total volumes of the reaction mixtures were made to
the same volumes. The amounts of tin in the reaction mixtures
were maintained at constant levels unless specified in all exper-
iments. Samples were withdrawn at regular intervals and the free
isocyanate content in the reaction mix  was determined according
to the ASTM D2572-97 method [32]. In this method isocyanate first
reacted with a known amount of dibutylamine then the isocyanate
content was determined by titrating excess amine with standard
solution of hydrochloric acid.

Desmodur 44 V 20 L (Bayer, Germany) were used as aromatic
isocyanate. Tributyltin methoxide (TBTM) 97% was obtained from
Sigma chemicals. Dibutyltin dibutoxide (DBTDB) was  obtained
from Gelest Inc., USA and dibutyltin dilaurate (DBTDL) was
obtained from Air Products (USA). Phenyl isocyanate, reagent grade
1-butanol, 2-butanol, tert-butanol, THF and xylene (all Merck,
Germany) were used without further purification. Isocyanate was
reacted with varying amounts of alcohol at 25 ◦C in an appropriate
solvent in the presence of selected catalysts. In this set of experi-
ments the isocyanate amount was  maintained at 0.279 equiv. and
stoichiometric amounts of alcohol was  reacted in the presence of
varying amounts of tin catalyst as specified in different solvents.
The total volume of the starting reaction mix  was  maintained at
183 mL.

3. Results and discussion

3.1. Interaction between tributyltin methoxide and phenyl
isocyanate

The interaction between tributyltin methoxide and phenyl iso-
cyanate was simulated using trimethyltin methoxide and phenyl
isocyanate to reduce computational costs. The interaction between
trimethyltin methoxide and phenyl isocyanate was simulated using
two different starting orientations of the isocyanate molecule:

(1) Orientation of isocyanate oxygen directed towards tin center.
(2) Orientation of isocyanate nitrogen directed towards tin center.

Fig. 1 shows the orientation of the isocyanate molecule in the
two simulations.

Fig. 2 shows the energy profile of the interactions for the initial
orientations of the isocyanate molecule where the nitrogen atom is
directed towards the tin atom. In the simulation the oxygen atom

of the methoxy group and the carbon of the isocyanate group were
brought together step by step while minimizing the total energy of
the system. In Table 1 the molecular structures associated with the
interactions are shown in Fig. 2. It is interesting to see that when
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Fig. 1. Starting configuration of the interaction between trimethyltin methoxide with phenylisocyanate (a) oxygen of the isocyanate is positioned closed to tin center; (b)
nitrogen of the isocyanate is positioned closed to the tin center.

Table 1
Molecular structures associated with energy profile of interaction between trimethyltin methoxide and phenyl isocyanate.

Index Structure Index Structure

1 4

2 5

3

o
p
c
t

F
p
t

ptimizing the energy of a system with trimethyltin methoxide and
henyl isocyanate with the N atom positioned towards Sn without
onstrains (Fig. 1(b)), the system rearranges such that the oxygen of
he isocyanate is directed towards the tin atom of the trimethyltin

ig. 2. Energy profile for the interaction between trimethyltin methoxide and
henyl isocyanate with initial configaration where nitrogen of the isocyanate is close
o  the tin atom.
methoxide molecule (Fig. 1(a)). Fig. S1 shows the electrostatic
isopotential surface for trimethyltin methoxide and phenyl iso-
cyanate. It can be seen that when the nitrogen of the phenyl
isocyanate is placed in the direction of N-coordination with the tin
atom the interaction of the electrostatic fields seem to prevent such
interaction. This could explain the reason for the rearrangement
to an O-coordination of the phenyl isocyanate with the tin atom.
However, high-energy complexes between trimethyltin methox-
ide and phenyl isocyanate with the nitrogen of the isocyanate group
being directed towards the tin atom will be discussed in subsequent
section.

The same simulation was  carried out using CPCM models for
the non-polar and polar solvents toluene and water. Both sim-
ulations also showed that the initial N-coordination changed to
an O-coordination. This indicates that the interaction between
trimethyltin methoxide and phenyl isocyanate is most probably
realized via the oxygen of the isocyanate. Information related to
the reaction path for the N-coordinated interaction was  obtained
from IRC data starting from the Sn–N transition state, which
was obtained by a trial and error method as mentioned pre-
viously and also a van der Waals complex. However, we were
not able to simulate the interaction starting from the van der

Waals complex in gas phase since the orientation change again
to the O-coordination. Fig. 2 shows the gas phase IRC plot for
the two  interactions. These plots are done in a different scale for
clarity.
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Fig. 3. Potential energy surface for the rotation of the phenyl isocyanate molecule
from O-coodinated to N-coordinated orientation in gas phase.
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DFT B3LYP and PBE with LANL2DZ/6-311+G(2df,2p) level of theory
using single point gave 12.5 and −9.1 kJ mol−1. The calculations do
Structure 1 (Table 1) as the initial orientation of the two
olecules has a distance of 5.12 Å between the alkoxy oxygen

nd isocyanate carbon. In structure 2 the distance between the
ame atoms is reduced to 3.52 Å. Fig. S2a shows the electro-
tatic isopotential surface for structure 2. It can be seen that
he electrostatic fields of the two oxygen atoms are interact-
ng. At this distance the isocyanate molecule tends to rotate to
dopt the new orientation of structure 3 (O-coordination). The
eason may  be due to the interaction between the electrostatic
elds as explained in the previously. Fig. S2b shows the electro-
tatic isopotential surface for structure 3. The interaction between
lectrostatic fields around individual atoms is now less than in
tructure 2. This can be further explained as the Lewis action
etween the organotin center and the isocyanate oxygen. Finally,
he insertion reaction takes place with the movement of the
lkoxy group of the organotin and latching on to the positive
harged isocyanate carbon. Structure 4 represents the transi-
ion state for the insertion reaction. The distance between the
socyanate carbon and alkoxy oxygen is 1.71 Å. With the inser-
ion reaction the isocyanate oxygen gets bonded on to the tin
enter to form an organotin O-substituted carbamate (methyl trib-
tylstannyl phenylcarbonimidate). From this point further steps
ill take place as explained in the subsequent sections. We
ave also simulated the rotational barrier between the two  reac-
ion pathways. Fig. 3 shows the potential energy surface for the
otation of the phenyl isocyanate molecule from O-coordination
o N-coordinate orientation. The barrier was calculated for the

olecular assembly, where the distance between the C O of
he O-coordinated interaction was set to a pre-selected value to
hange to the N-coordinated orientation. The pre-selected dis-
ance of 1.97 Å was taken as the distance between the C O for
ransition state of N-coordinated interaction, which is approxi-

ately the distance between isocyanate carbon and the alkoxide
xygen at N-coordinated transition state. At this distance rota-
ional barrier is 32.1 kJ mol−1 for the O-coordinated interaction
o rearrange to N-coordinated interaction. This is also about
6.3 kJ mol−1 higher than the O-coordinated transition state. This
ata suggest that the O-coordination has a rotational energy bar-

ier, which prevents it from entering to the N-coordinated reaction
athway.
alysis A: Chemical 395 (2014) 72–86 75

3.2. Energy diagrams for the two pathways

Fig. 4 shows the energy diagram for the two types of interactions
that were discussed previously. Pathway 1 lead to the formation of
N-substituted phenyl carbamate (methyl phenyl(trimethylstannyl)
carbamate) and pathway 2 leads to the formation of O-substituted
phenyl carbamate (methyl trimethylstannyl phenylcarbonimi-
date), which subsequently rearrange to N-substituted phenyl
carbamate (methyl phenyl(trimethylstannyl)carbamate). The acti-
vation energy for the first transition state for pathway 1 is
23.9 kJ mol−1 less than for pathway 2.

From Fig. 4 it can be seen that pathway 1 has two
transition states and for pathway 2 three transition states
can be found. For pathway 1 TS11 (95.5 kJ mol−1) in the
interaction between trimethyl tin methoxide and phenyl iso-
cyanate form the trimethyl tin N-phenyl carbamate (methyl
phenyl(trimethylstannyl)carbamate), where the oxygen of the
methoxy group is coordinated with tin atom. TS12 (79.8 kJ mol−1)
represents the rotation of the isocyanate carbonyl to form
the trimethyl tin N-phenyl carbamate. In pathway 2 TS21
(132.9 kJ mol−1) is to form trimethyl tin O-phenyl carbamate
(methyl trimethylstannyl phenyl carbonimidate). For pathway 2,
TS22 (90.1 kJ mol−1) corresponds to the rearrangement of the
carbamate to give N-coordinated species by rotating around
the Sn O C N dihedral angle, whereas TS23 (42.68 kJ mol−1) is
the transition state for the change from O-substituted (methyl
trimethylstannyl phenylcarbonimidate) to N-substituted (methyl
phenyl(trimethylstannyl)carbamate) carbamate. This leads to
the formation of the N-substituted phenyl carbamate (methyl
phenyl(trimethylstannyl)carbamate) as given in literature [1]. The
value in the bracket is the free energy difference from the starting
material at 298 K in gas phase.

The free energy is an indication of the conversion of reactants
to products. It is interesting to see that the free energy difference
between the starting materials trimethyltin methoxide and phenyl
isocyanate and the final product trimethyltin N-phenyl carbamate
is positive, which indicate that the reactants are more stable
than the product. In our calculation we used DFT (B3LYP and
PBE) and ab initio MP2  with various basis sets such as 6-31G*,
6-31+G** and DGDZVP for light elements. DFT-B3LYP and MP2
using 6-31G* basis set resulted in positive Free energies 12.51 and
6.79 kJ mol−1, respectively; the DFT-BPE functional gave values
0.69 kJ mol−1 using 6-31G* basis set which was  close to zero. How-
ever, with DFT/B3LYP using DGDZVP basis sets a negative value
of −2.33 kJ mol−1was  obtained. Steps were also taken to calculate
the free energy difference between triethyltin methoxide and
phenyl isocyanate and the reaction product triethyltin-N-phenyl
carbamate, which gave a positive value of 18.39 kJ mol−1 as well
using DFT B3LYP level of theory with 6-31G* basis set. However,
the product formation from reacting TBTM and phenyl isocyanate
seems to be more stable than the information from thermochemi-
cal data from model compounds. 13C NMR  and FTIR measurements
indicate that the reaction between TBTM and phenyl isocyanate
(1:1 mole) leads to the formation of tributyltin phenyl carbamate
without any residual phenyl isocyanate. This may be due to the sta-
bilization of the product due to hydrogen bonding from urethane
formed because of methanol being present as an impurity. If phenyl
isocyanate is replaced with methyl isocyanate the reaction product
with TMTM gives a negative free energy difference −8.78 kJ mol−1

using DFT B3LYP with 6-31G* basis set. The free energy difference
for the reaction was  also calculated using the optimized geometries
obtained from DFT B3LYP LANL2DZ/6-31G* level of theory with
not result in a uniform picture as the free energy has sometimes
a positive and sometimes a negative value. Experimentally, the
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Fig. 4. Energy diagram for the interaction between trimethy tin methoxide and phenyl isocyanate: top: energie values, intermediate structures and transitions states for
p ions s
b

r
f
a
i
b
t

athway 1 are shown; bottom: energie values, intermediate structures and transit
oth  figures.

eaction between TBTM and phenyl isocyanate results in the
ormation of tributyltin phenyl carbamate. Therefore, we should

ssume that the free energy difference for model reaction results
n a negative value. Overall, the simulations of the interaction
etween trialkyltin alkoxide and phenyl isocyanate indicate that
he initial interaction is realized between isocyanate oxygen and
tates for pathway 2 are shown; the energy profile of both pathways are shown in

the tin center. During this processes the alkoxide group attached to
the tin center is transferred onto the isocyanate carbon. However,

with the bond rotation about the C O bond the carbonyl group
will rearrange to form the N Sn bond to give the tin carbamate as
reported by Bloodworth and Davies as shown in Fig. 4. Calculations
also showed that aliphatic isocyanates lead to the formation
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Fig. 5. Free energy difference for the tw

f N Sn bonds much easier than aromatic isocyanate form a
-substituted carbamate (methyl trimethylstannyl methylcarbon-

midate) due to the low activation energy. The activation energies
or aliphatic and aromatic systems from corresponding minima of
-substituted carbamate (methyl tributylstannyl carbonimidate)
re 2.1 and 4.6 kJ mol−1, respectively. The reason may  be due to a
igher nucleophilicity of the nitrogen atom of the aliphatic stannyl
arbonimidate in comparison to the N atom of the aromatic
tannyl carbonimidate. However, in an alcohol rich environ-
ent the reaction may  not take place through this route due to

ydrogen bonding of the alcohol with the nitrogen of the stannyl
arbonimidate.

All transition states were optimized in the gas phase as discussed
efore as well as in solution with water as polar as well as toluene
s non-polar medium. The activation free energy was  calculated
t 298 K as the difference in energy between the transition state
nd the reactants. Fig. 5 shows the free energy plot for the two
athways in toluene and water. It can be seen that in case of the
-coordinated pathway, the polar media will retard the reaction
ue to the higher activation free energy in polar medium whereas
he O-coordinated pathway will not show much different between
olar and non-polar media. It is also interesting to see that in both
edia the final free energy is higher than the starting material,

s observed in the gas phase. We  also calculated the free energy
ifferences for the reactions in toluene and water using the DFT
BE functional. The geometry of the reaction product trimethyltin
henyl carbamate had converging problems when water was used

s solvent. However, by using toluene as solvent, the free energy
ifference gave positive value close to zero.

These energies were calculated by assuming that all transition
tates and van der Waals complexes are formed in the reaction

Fig. 6. O-coordinated van der Waals complex (left) an
ction path in toluene and water media.

mechanism. If such starting van der Waals complexes exist then
pathway 1 is the most probable reaction mechanism. However,
this will depend on the possibility of formation of appropriate van
der Waals complexes when the molecules are approaching each
other from larger distances. The formation of the van der Waals
complexes in this mechanism is discussed next.

3.3. van der Waals complexes for the two different pathways

We were able to establish van der Waals complexes for two  dif-
ferent pathways using IRC techniques following the path for each
transition state. It turned out to be the only method that could be
used to find a stable van der Waals complex for the N-coordinated
configuration. The level of theory used in this calculation was  DFT
B3LYP/LANL2DZ/6-31G*. Tables S1 and S2 show the X, Y, Z coordi-
nation for each atom in the complexes for O- and N-coordinated
van der Waals complexes as seen in Fig. 6.

The van der Waals complexes observed in the system are impor-
tant for the determination of the correct reaction mechanism. If
the two  molecules come in contact and form a stable complex then
the chances of these two  molecules to undergo a reaction is high.
However, in the complex formation their orientation is particu-
larly important. The complex with the lowest energy will be formed
predominantly. However, we  have noted that the stability of each
complex depends on which direction they approach and how the
complex is formed initially. In the reaction between TMTM and
phenyl isocyanate the N-coordinated van der Waals complex can

only be stabilized starting from the N-coordinated transition state,
as it is possible to form the O-coordinated van der Waals complex
from the O-coordinated transition state. However, the stability also
depends on the basis set used in the calculations. Larger basis sets

d N-coordinated van der Waals complex (right).
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Table 2
Thermochemical data for both van der Waals complexes.

Basis set Media N-coordinated O-coordinated

�H298 �G298 �ZP0 �H298 �G298 �ZP0

6-31G*
Water 23.31 53.64 19.88 15.53 54.02 12.57
Toluene 22.83 56.87 19.55 11.22 51.46 8.44
Gas  20.93 56.91 17.95 5.58 47.71 3.02

6-31+G**
Water 25.35 49.97 21.55 22.44 55.55 19.03
Toluene 25.56 51.48 21.45 17.58 52.46 14.30
Gas  – – – 10.95 49.73 8.15
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ll energies are relative and are given in (kJ mol−1).

esulted in converging problems due to weaker interacting forcers
ithin the N-coordinated complex.

Table 2 shows the thermochemical data of the van der Waals
omplexes formed in the simulation by using different basis sets.
t can be seen that with the slightly larger 6-31+G** basis set the
-coordinated complex could not be optimized as a stable solution

n the gas phase. Fig. 7 shows the simulations done in the non-polar
nd polar solvents toluene and water, respectively.

The approach to form the van der Waals complexes directly
y bringing the molecules together from larger distances always
esulted in the stabilization of the O-coordinated von der Waals
omplex, even if the initial orientation is N-coordinated (Fig. 7). This
ffect is very prominent in toluene as non-polar solvent and lees
rominent in water as a polar media, but still observable. As men-
ioned above, the N-coordinated van der Waals complex can only
e formed by starting from the N-coordinated transition state. As
escribed earlier, at shorter distances of about 2 Å around the tran-
ition state, a rotation barrier of 32 kJ mol−1 prevents the molecule
o achieve the N-coordinated configuration (gas phase calculation).

The rotational barrier is higher in energy than the O-coordinated
ransition state by about 16 kJ mol−1, resulting in a preference of

he O-coordinated reaction pathway. Therefore, in an interacting
ituation, where the molecules are approaching from larger dis-
ances, the O-coordinated situation is always the predominant
oordination.

Fig. 7. Energy profile for the interaction between TMTM and phenyl isocy
3.4. Reactivity using intrinsic reaction coordinate plots

We  also carried out transition state optimizations for both
mechanisms at DFT B3LYP/6-31 + G** level of theory for the
light elements and LANL2DZ as basis set for tin the atom and
with the CPCM solvent model for toluene and water as non-
polar and polar solvents. Fig. 8 shows the IRC plot for both
formations of O-(methyl trimethylstannyl phenylcarbonimidate)
and N-(methyl phenyl(trimethylstannyl)carbamate) substituted
phenyl carbamate. It can be seen that for the O-substituted phenyl
carbamate (methyl trimethylstannyl phenylcarbonimidate) the
activation potential energy is higher for the non-polar media.
However, it is also clear that for the formation of O-substituted
phenyl carbamate (methyl phenyl(trimethylstannyl)carbamate)
the gradient for non-polar media is higher than in polar media.
A lack of curvature in the IRC will retard the reaction to go for-
ward [33,34]. This may  offset the reactivity observed in polar
media indicating to have a lower reactivity compared to non-polar
media.

IRC data for N-substituted phenyl carbamate (methyl
phenyl(trimethylstannyl)carbamate) in polar media show a
higher activation potential energy than in non-polar media.

Both curves show similar gradients after the peak energy, which
allows the reactivity in both solvents to be mainly sensitive to the
activation energy.

anate starting at N-coordinated configuration in different solvents.
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Fig. 8. IRC data for O-coordinated and N-coordinated transition states.
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Fig. 10. IRC data for the ternary complex of trimethytin methoxide, methanol and

butanol is soluble in xylene and THF by comparing the gradient
of the two plots. It can be seen that the reaction in polar media
is faster than that of non-polar media. This result shows a similar
Both reaction pathways give theoretical evidence to have sim-
lar reactivities in different solvent environments. However it
s difficult to determine which pathway is more likely using
n experiment where NCO depletion monitoring during reaction
etween trialkyltin alkoxide and phenyl isocyanate. As a theo-
etical example, we have reinvestigated how phenyl isocyanate
ould react with methanol using trimethyltin methoxide as a

atalyst. In this reaction we assume that the catalyst first asso-
iates with the alcohol to form a complex, which subsequently
nteracts with a phenyl isocyanate to form a ternary complex
s seen in Fig. 9. The ternary complex shows an enthalpy and
ree energy of −27.5 and 52.6 kJ mol−1 at 298 K, respectively, cal-
ulated at the B3LYP LANL2DZ/6-31G* level of theory. The high
egative enthalpy indicates the formation of this complex in the
ixture. Fig. 10 shows the IRC calculated for transition state for

his reaction is both polar and non-polar media using DFT/B3LYP
ANL2DZ/6-31+G** level of theory. From the figure it can be seen
hat the activation energy for the reaction in polar media is less
han in non-polar media indicating a higher reaction rate in polar
olvents.
ig. 9. Interaction between trimethyltin methoxide, methanol and phenyl iso-
yanate in the formation of the ternary complex.
phenyl isocyanate in water and toluene media.

3.5. Reaction between aromatic isocyanate and alcohol in
different solvents in the presence of tributyltin methoxide as
catalyst

Fig. 11 shows the depletion of the isocyanate content with time
for the reaction between aromatic isocyanate Desmodur 44 V 20 L
with 1-butanol in stoichiometric amounts using xylene and THF as
non-polar and polar solvents and by using tributyltin methoxide as
catalyst. The reaction was carried out as stated in a previous publi-
cation by using TBTM as the catalyst in a constant volume [24]. We
used a higher amount of catalyst (0.072 g Sn) due to its low catalytic
effect. We  selected Desmodur 44 V 20 L as the aromatic isocyanate
because the reaction product between Desmodur 44 V 20 L and 1-
Fig. 11. Depletion of the NCO content in the reaction between Desmodur 44 V 20 L
and n-butanol at stoichiometric amounts using TBTM (tin content 0.072 g) as a
catalyst in xylene and THF.



80 R. Devendra et al. / Journal of Molecular Cat

Fig. 12. (a) FTIR/ATR absorption spectra for reaction product of PI + 2-butanol,
PI  + methanol and TBTM. (b) FTIR/ATR spectra of the two  reaction products of
TBTM/Phenyl isocyanate with methanol and 2-butanol.

Table 3
FTIR/ATR absorptions in the region 1300–950 cm−1 for different reaction products.

Compound Wavenumber
(cm−1)

Compound Wavenumber
(cm−1)

PI + 2-butanol TBTM + PI + 2-butanol
1232.6 1233.3
1176.4 1216.9
1155.9 1192.7
1097.2 1177.6
1082.8 1098.1
1054.6 1082.2
1029.6 1070.1

1053.4
1030.1

PI  + methanol TBTM + PI + methanol
1224.1 1235.1
1192.7 1216.9
1176.9 1191.8
1084.4 1178.7
1069.8 1235.1
1030.1  1084.1

1070.2
TBTM 1054.1

1216.0  1030.1
1056.4

PI – phenyl isocyanate, TBTM – tributyltin methoxide.
alysis A: Chemical 395 (2014) 72–86

trend as what is found in the theoretical calculations (Fig. 10). We
believe that in the above experiment when TBTM was  used as a
catalyst the reaction mechanism went through forming a ternary
complex as in Fig. 9. However, we  think that O-substituted phenyl
carbamate (derivative of stannyl phenylcarbonimidate) in an alco-
hol solvent will not lead to the formation of N-substituted phenyl
carbamate (derivative of (stannyl)carbamate). The O-substituted
carbamate (derivative of stannyl carbonimidate) will react with
alcohol to liberate the urethane from organotin compound and
regenerate the organotin alkoxide as found for other dialkyl tin
compounds [24]. This is a lower energy pathway compared to
the same of N-substituted carbamate. Therefore, the main con-
tribution to the overall rate of the reaction will depend on how
the reaction takes place around first transition of the reaction
mechanism proposed. Since the trends in reactivates observed in
the two solvents agree with our calculation, it suggests that the
reaction takes place though an intermediate O-substituted phenyl
carbamate (derivative of stannyl phenylcarbonimidate). This con-
clusion is based on the enthalpy and free energy calculated for
both starting van der Waals complexes as stated previously. Fig. 8
shows that the IRC for the N-coordinated reaction pathway in
polar and non-polar media. The IRC data show the activation
energy for pathway1 in polar media is higher than in non-polar
media. This is contrary to the experimental results shown in
Fig. 11.

3.5.1. FT-IR/ATR investigation on reaction products
We reacted equimolar amounts of TBTM (tributyltin methox-

ide) and PI (phenyl isocyanate) with methanol and 2-butanol
separately. The alcohol was  mixed with TBTM first and subse-
quently the isocyanate was  added to the mixture. As observed
in literature the alkoxy urethane absorption in the IR region will
be in the range between 1300 and 900 cm−1 [35]. However, by
comparing the spectra of the reaction products the most significant
differences were in the region between 1400 and 1000 cm−1. Since
we were not able to find reference absorption to our compounds
we compared the absorption in the selected region in a systematic
way. Fig. 12 shows the FT-IR/ATR absorption spectra for reaction
products of different combination of reagents. These spectra were
obtained at 50% concentration in chloroform. Table 3 shows the
absorption values for each reaction product in the 1300–900 cm−1

region. From Fig. 12(a) it can be seen that the reaction products
of PI + 2-butanol and PI + methanol show distinct absorptions
at 1235 cm−1, 1055 cm−1 (PI + 2-butanol) and 1224, 1070 cm−1

(PI + methanol), respectively. It can also be seen in Fig. 12(b) that
the reaction products of TBTM + PI + 2-butanol has absorption peaks
closely resemble for the absorption of PI + 2-butanol. However,
there is also an absorption at 1070 cm−1, which is found in reaction
products of PI + methanol. This indicates TBTM + PI + 2-butanol con-
tains reaction products similar to PI + 2-butanol and PI + methanol.
The absorption in the range 1053–1057 cm−1 is found in PI + 2-
butanol as well as in TBTM. This absorption can be seen in the
spectrum of TBTM + PI + methanol, but with a lower intensity as in
the TBTM + PI + 2-butanol mixture. Overall, the absorption bands
observed for the reaction products of TBTM + PI + methanol corre-
spond to the absorptions of the reaction products of PI + methanol
with the additional peak at 1054 cm−1, which should be due to
TBTM being present in the reaction product. Although the absorp-
tion due to TBTM and reaction products of PI + 2-butanol overlap
the strong absorption at 1054 cm−1 for the TBTM + PI + 2-butanol
indicates the formation of PI + 2-butanol reaction products in
addition to TBTM present in the reaction product mix. Free energy

calculations of the interaction between TMTM and isopropanol
to convert to TMT  isopropoxide and methanol result in 7.2 and
10.3 kJ mol−1 for enthalpy and free energy at 289 K, respectively,
at the DFT/B3LYP LANL2DZ/6-31G* level of theory. This indicates
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Fig. 13. 13C NMR  spectrum for (a) mixture of TBTM and 2-butanol and (b) TBTM
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Fig. 14. Depletion of the NCO content in the reaction of p-MDI and (a) 1-butanol (b)
2-butanol in xylene using TBTM as a catalyst (Sn content 0.072 g).
97% in methanol).

hat organotin with primary alkoxide is lower in energy than with
 secondary alkoxide. If the initial interaction is with organotin
lkoxide and phenyl isocyanate through N-coordination then it
hould give urethane that is formed as a result of phenyl isocyanate
eacting with methanol. Since the two products are different the
echanism can be explained as going through a ternary com-

lex, shown in Fig. 9, complex 2. This suggests that even if the
nteraction between the trialkyltin alkoxide and isocyanate is
etween Sn and N, in the presence of alcohol the interaction
hould be realized through a Sn O mechanism. However, our
omputational work gives more evidence for the interaction
etween trimethyltin methoxide and phenyl isocyanate to have an
-coordination rather than a N-coordination due to a more stable
an der Waals complex that is formed in the beginning of the
nteraction, albeit the N-coordination gives a lower energy tran-
ition state. Enthalpies and free energies of the formation for the
-coordinated and termolecular O-coordinated van der Waal com-
lexes are 20.9, −27.5 and 56.9, 52.6 kJ mol−1 at 298 K, respectively,
alculated using DFT/B3LYP LANL2DZ/6-31G* level of theory.
rom these results the O-coordinated termolecular route is a
ossibility.

.5.2. 13C NMR  studies on reaction products
To study the complex formation of samples of TBTM with 2-

utanol, 13C NMR  measurements have been conducted (by using
DCl3 as solvent). Fig. 13(a) shows 13C NMR  spectra for methoxy
nd methanol carbons after mixing TBTM with 2-butanol (at a 1:1
ole ratio). For comparison, Fig. 13(b) shows the 13C NMR  spectra

or the methoxy and methyl alcohol carbons at 54.24 and 50.12 ppm
or TBTM (97% in methanol), respectively. An increase in intensity
f the carbon signal relative to methanol can be observed. This indi-
ates a possibility of exchanging some percentage of methoxy with

-butoxy groups. These data agree with the theoretical results of
he alcoholysis of TMTM with iso-propyl alcohol, as discussed in the
revious section. Fig. 14 shows the depletion of NCO content with
ime for the reaction between aromatic p-MDI with 1-butanol and

Fig. 15. 13C NMR  urethane carbon for reaction products of the (a) TBMT, phenyl
isocyanate and tert-butanol (1:1:1 mole ratio), (b) TBTM, phenyl isocyanate and 2-
butanol (1:1:1 mole ratio), and (c) TBTM, phenyl isocyanate and methanol (1:1:1
mole ratio).
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Fig. 16. Depletion of NCO % in the interaction between phenyl isocyanate and 1-
butanol at stoichiometric amounts in the presence of amounts of TBTM and DBTDA
as catalyst.

ble (0.6 kJ mol at IRC = 0). The termolecular reaction mechanism
proposed support the observed results in the presence of different
catalysts.
2 R. Devendra et al. / Journal of Molecu

-butanol using TBTM as catalyst. In this set of experiments the
ame amount of TBTM catalyst (0.072 g tin) was used. It is evident
hat 1-butanol has a higher reactivity towards aromatic isocyanate
n the presence of TBTM as the catalyst than 2-butanol. This indi-
ates that the possibility of the formation of urethane by using
-butanol is less probable if the interaction between the isocyanate
nd TBTM is through N-coordination or O-coordination without
nother molecule of alcohol. This mechanism will be discussed in
he following paragraph.

Fig. 15 shows the 13C NMR  spectra of the urethane carbon
or the reaction products of the (a) TBMT, phenyl isocyanate and
ert-butanol (1:1:1 mole ratios), (b) TBTM, phenyl isocyanate and
-butanol (1:1:1 mole ratios) and (c) TBTM, phenyl isocyanate and
ethanol (1:1:1 mole ratios). Fig. 15(c) shows a peak at 154.38

rethane carbonyl carbon due to methanol. Fig. 15(b) shows two
eaks at 154.36 and 153.68 ppm, corresponding to the methoxy
nd 2-butoxy groups present in urethane. This indicates that both
rethanes are present in the sample that contains TBTM, phenyl

socyanate and 2-butanol. Since TBTM contains 3% methanol this
ould have contributed to the final percentage of urethane corre-

pond to methanol. Similarly, Fig. 15(a) shows two  peaks due to
ormation of urethane between phenyl isocyanate and methanol
nd phenyl isocyanate and tert-butanol corresponding to the uret-
ane that has alkoxy group methoxy and 2-butoxy at 154.32 and
52.95 ppm, respectively. Therefore in the reaction between TBTM,
henyl isocyanate and 2-butanol if the reaction is realized via
-coordination then the product should contain a higher percent-
ge of urethane that is mainly formed due to reaction with the
ethoxide. The possible mechanisms of the reactions are shown in

chemes 2–4.
From Fig. 14 it is evident that secondary alkoxy deriva-

ives are less reactive than primary alkoxy derivatives of TBTM.
e have assumed that during reaction TBTM as a catalyst is

onverted to corresponding derivative of the alcohol. However,
he NMR  results indicate that the reaction is possible to go
hrough an alternate mechanism. The reaction can go through
-coordination with an alcohol molecule to form a more sta-
le van der Waals complex compared to a complex formed
hrough N-coordination. When tert-butanol was used instead of
-butanol the reaction products indicate a similar outcome with
rethane correspond to tert-butanol. Since the energy of the
an der Waals complex for the N-coordination is higher than
-coordinated complex, the mechanism through O-coordination
ithout an alcohol molecule is also a possibility. Theoretical cal-

ulations show that both O-coordinated mechanisms have similar
ctivation energies (toluene) indicating that the selection will
epend on curvature of the IRC plots (see Figs. 8 and 10). The
ermolecular mechanism also leads to elimination of a molecule
f methanol, which could react to give urethane that con-
ain methoxy group. These data strongly support the proposed

echanism.

.6. Comparison of catalytic effect of TBTM and DBTDA in
romatic systems

We  also reacted p-MDI and 1-butanol in xylene in the pres-
nce of DBTDA (dibutyltin diacetate) as the catalyst and compared
t with TBTM (tributyltin methoxide) as the catalyst (tin content
.768 × 10−3 g). Fig. 16 shows the depletion of the NCO content
ith time for both runs. From the figure it can be seen that the

atalytic effect for DBTDA is much higher compared to TBTM with
espect to the tin content in the catalyst quantities used. In our ear-

ier work we have proposed that in case DBTDA is used as catalyst in
n aromatic system, the dominant catalyst is the alkoxide, which is
ormed as an intermediate [24]. Based on this result we carried out
heoretical investigations at DFT/B3LYP LANL2DZ/6-31+G** level
of theory, using the CPCM solvent model with toluene as solvent,
for the N-coordinated and termolecular O-coordinated mecha-
nism for TMTM (trimethylttinmethoxide) and DMTDM (dimethytin
dimethoxide) catalyzed reactions between phenyl isocyanate and
methyl alcohol. Fig. 17 shows the IRC for both DMTDM and TMTM
catalysts for both mechanisms. The activation energies of DMTDM
for both mechanisms are close to the N-coordinated mechanism
of TMTM.  For the termolecular O-coordinated mechanism there is
a significant difference in the curvature indicating an additional
catalytic effect in the reaction (9.4 kJ mol−1 at IRC = 0), whereas
for the N-coordinated mechanism the difference is almost negligi-

−1
Fig. 17. IRC data for the transition state for TMTM and DMTDM as catalyst for the
interaction between phenyl isocyanate and methyl alcohol for termolecular mech-
anism.
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Scheme 2. Reaction mechanism for the interaction between phenyl isocyanate and TBTM in the presence of 2-butanol. Initial coordination through nitrogen of the isocyante and tin of TBTM.
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. Conclusion

The experimental products reported by Bloodworth and Davies
or the intreaction between tryalkyl tin methoxide and isocyanate
gree with the computational findings. However, computational
ethods give more information related to the initial interaction

etween the two reactant molecules. Simulations show that the
nitial interaction occuers between the oxygen of the isocyanate
nd the tin center which indicates that the dominant interaction
etween the organotin compund and isocyanate can be mainly
iscribed as Lewis interaction. After the initial interactiona and
y keeping the same orientation the molecule will undergo an

nsertion reaction to form the O-substituded carbamate. Once the
nsertion reaction is compleated the molecule will rearrage to
-substitited carbamate as the final compound as reported by
loodworh and Davies. When TBTM is acting as a catalyst the reac-
ion will take a termolecular mechanism.
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