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ABSTRACT: The accelerating role of e-caprolactam on the formation of urethane linkages is studied in
the case of the reaction between toluene 2,4-diisocyanate and n-propanol in carbon tetrachloride at room
temperature. FT-IR spectroscopy is exploited to follow the consumption of the isocyanate groups. The
comparison between the rate of the reactions carried out in the presence and absence of a catalytic amount
of e-caprolactam shows its accelerating effect. The acylurea-like derivative 1-methyl-2,4-[(2-oxoazepane-
1-carbonyl)amino]benzene has been prepared and identified as the real catalytic species formed in situ
as a result of the reaction between toluene 2,4-diisocyanate and e-caprolactam. A kinetic model is proposed
to analyze the experimental data, and B3LYP/6-31+G* calculations are exploited to investigate the
structure of 1-methyl-2,4-[(2-oxoazepane-1-carbonyl)amino]benzene and clarify the structural features

leading the catalytic activity.

1. Introduction

In this paper, the accelerating effect due to the
presence of catalytic amounts of e-caprolactam in the
polyurethane formation and cross-linking is studied. To
model the reaction between isocyanate and hydroxylic
groups, which is industrially exploited to obtain poly-
urethane linkages,!2 the reaction between toluene 2,4-
diisocyanate and n-propanol in carbon tetrachloride
solution is here chosen.

The industrial use of e-caprolactam as a curing agent
for the polyurethane coating is reported in a few
patents:® however, to the best of our knowledge, no
detailed studies aimed at rationalizing its accelerating
effect in the polyurethane formation and cross-linking
are present in the literature. On the other hand,
e-caprolactam is a well-known blocking agent for poly-
urethanes,* and it is widely used to produce one-package
coatings. In this field, isocyanates are reacted with a
compound containing active hydrogens, and after heat-
ing in the presence of a nucleophilic species, the isocy-
anate is reobtained. The deblocking temperature de-
pends on both isocyanate and blocking agent, in the case
of e-caprolactam ranging between 130 and 160 °C.

Generally speaking, the urethanes formation reaction
can be seen as an addition of a nucleophilic species (the
alcohol) to an electrophilic center (the isocyanate), and
it can be catalyzed by both Lewis acids and bases. In
particular, synergistic effects on increasing the rate of
formation of urethanes has been observed when both
an acid and a base are used at the same time.?> Amides,
carbamates, and ureas, as all nucleophilic compounds,
have been experimentally proven to accelerate the
formation of polyurethanes, even if their catalytic ef-
ficiency is less than that of amines.® Among the car-
boxylated compounds mentioned above, the accelerating
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effect increases in the order carbamates < amides <
ureas. In addition, acidic amides are reported to act as
bifunctional catalysts, thus promoting the alcoholysis
through a cyclic proton transfer.?

Many papers reporting studies on the mechanism of
the urethanes formation reaction from isocyanates and
alcohols, in both the presence and absence of catalytic
species, are present in the literature.2~7 In the pio-
neering works performed before the 1960s (see ref 7 and
references therein), a second-order kinetics was as-
sumed, whereas in following studies the role of alcohol
clusters was evidenced and a higher reaction order with
respect to the alcohol was assumed. Studies on the
influence of alcohol clusters on the mechanism of
urethanes formation have been carried out in various
experimental conditions (such as different alcohol/
isocyanate pairs, different absolute values of the reac-
tant concentrations, different solvents, presence or
absence of catalysts, different kinds of catalysts, etc.)
and have shown the influence of the change in the
various parameters on the reaction mechanism. For
example, it has been reported that the mechanism
associated with the kinetics model requires one or more
alcohol molecules participating in the transition state,
as is illustrated in Schemes 1 and 2.5-8

Two different mechanisms, sketched in Schemes 3
and 4, have been proposed for the reaction catalyzed
by a tertiary amine, differing in the center attacked by
the amine in the first step of the process. Both the
proposed mechanisms involve the same four-centered
intermediate in the second step.?1® When different
amines are used as catalysts, the reaction rate was
experimentally found to increase as the basicity of the
amine increases and its steric hindrance decreases.!!

In most of the papers the mechanism of urethane
formation has been studied on model reactions involving
two monofunctional molecules. The influence of solvent
polarity and hydrogen-bonding capability have been
analyzed, showing that solvent effects are a balance
between the ability of stabilizing a four-center activation
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complex and the strength of the solvent—alcohol inter-
action, which decreases the alcohol reactivity.”12 Several
studies have also analyzed the effect of the mutual
influence of functional groups in polyfunctional mono-
mers by studying both the reaction between diisocyan-
ates and alcohols and the reaction between (mono)-
isocyanates and glycols.

In polymerization reactions, additional complications
arise from the different reactivity of the dimers, differ-
ences in reactivity between the functional terminal
groups of growing chains at different molecular weights,
and the continuous modification of the reaction environ-
ment due to the polymer chain growth.

The different experimental approaches which can be
used to study the (poly)urethane formation mechanism
have already been summarized elsewhere, and advan-
tages and disadvantages have been pointed out.” In this
work a stoichiometric alcohol/isocyanate ratio is used,
which is kept constant at the initial concentration, and
FT-IR is used to both follow the reaction and, together
with mass spectroscopy, analyze the products.

The paper is organized as follows: after the presenta-
tion of the experimental methodologies used to carry out
the study, a discussion of the reaction which is here
exploited to model the formation of polyurethane link-
ages is reported. Then, a kinetic analysis of the reaction
is given, and the nature of the active catalytic species
is clarified. To identify the structure and chemical
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features of the catalytic species, quantum mechanical
calculation are reported. A short summary and some
drawn conclusions end the presentation.

2. Experimental Part

2.1. Materials. CCl; (Aldrich) and CHCls (Aldrich) were
dried on molecular sieves and stored under a nitrogen atmo-
sphere; toluene 2,4-diisocyanate (TDI) (Aldrich) was distilled
under a 10 mmHg nitrogen atmosphere at 119-120 °C;
e-caprolactam (99%, Aldrich) and n-propanol (n-PrOH) (Ald-
rich) were used as received.

2.2. Synthesis of 1-Methyl-2,4-[(2-oxoazepane-1-carbo-
nyl)amino]benzene (AC). TDI (2 g, 0.0114 mol) and e-ca-
prolactam (2.86 g, 0.025 mol) were refluxed for 8 h, under a
N; atmosphere, in 10 mL of CCls. The precipitate was filtered,
washed with ethanol and Et20, air-dried, and recrystallized
from CHCIls/Et20 to yield 4.3 g (94%) of a white powder; mp =
150 °C. FT-IR (KBr, Nujol, cm™): 1654 (C=0), 1707 (C=0),
3326 (N—H). 'TH NMR (CDCls, 200 MHz): 6 11.44 (s, 2H,
N-H), 8.23 (d, 1H, Ar—H), 7.26 (d, 1H, Ar—H) 7.10 (d, 1H,
Ar—H), 4.07 (t, 4H), 2.78 (t, 4H), 2.28 (s, 3H), 1.78 (m, 6H).
13C NMR (CDCls): ¢ 179.8, 151.9, 136.6, 136.2, 130.2, 123.6,
116.1, 113.6, 43.7, 39.8, 29, 28.2, 23.5, 17.6, 17.3. ESI-MS (m/
z): 401 ([M—H]"), 418 ([M—Nal]*), 423 (IM—NH4]"). GC-MS
(min; m/z): 16.43, 113 (e-caprolactam), 17.82; 174 (TDI).

2.3. Methodologies. 'H and *C NMR spectra were re-
corded at room temperature with a Varian-Gemini 200 MHz
spectrometer from solutions in CDCl; and were referred to
TMS as external standard. IR spectroscopy analyses were
performed with a Paragon 500 (Perkin-Elmer) spectrophotom-
eter. The melting point was measured with a Reichert Ther-
movar analyzer.

ESI mass spectra were recorded on a PE Sciex API III plus
triple quadrupole mass spectrometer equipped with an atmo-
spheric pressure ionization source and an articulated ionspray
interface. The sample was dissolved in chloroform (1 mg/mL)
and diluted 1:1000 with acetonitrile. Experimental conditions
included IS voltage (5.5 kV) and OR voltage (90 V).

Solutions of the synthesis products in chloroform were
analyzed by gas chromatography (HP, GCD series II) coupled
with mass spectrometry (MS). The injections were carried out
by using the splitless mode and keeping the injector temper-
ature at 280 °C. Separation was performed using a 30 m 0.25
mm i.d. capillary column with a film thickness of 0.25 um.
Helium fluxing constant at 1 mL/s served as the carrier. The
GC oven temperature was first held at 35 °C for 6 min,
increased to 200 °C at a rate of 10 °C/min, held there for 1
min, and then increased at 15 °C/min up to the final temper-
ature of 280 °C, which was kept fixed for 5 min. Mass spectra
acquisition, processing, and instrument control were performed
using HP Chemstation software. Electron impact (EI) mass
spectra were obtained at 2300—2400 eV electron energy and
monitored from 45 to 450 m/z.

Kinetics studies were carried out at room temperature by
following the decrease of the height of the IR stretching band
of isocyanate at 2265 cm™'. The spectra were recorded with a
FT-IR Perkin-Elmer 1330 spectrophotometer interfaced with
an Infrared Data Base model 3600. CaF; or KBr cells for
liquids (having 5.19 x 1072 ¢cm and 9.82 x 1072 cm thickness,
respectively) were filled with solutions obtained by mixing
suitable amounts of the following solutions: TDI (0.03325 M
in CCly), n-PrOH (0.0663 M in CCly), e-caprolactam (0.072 M
in CCly), and AC (0.03443 M in CHCI;).

Computational Details. All the quantum mechanical
calculations were carried out by using density functional
theory (DFT)'® as implemented in the Gaussian package.'* The
gradient-corrected hybrid functional BSLYP'® was used in all
the calculations. The 6-31G* basis set'® was used in the
geometry optimizations: the wave function analyses were done
with the 6-31+G* basis set on the B3LYP/6-31G* geometries.
The NBO analysis!'” was performed by using the NBO module
in Gaussian03.1* The Bader’s atoms in molecules analysis!®
was performed by exploiting the ATM2000 program.'® The
calculations in solution were done by exploiting the polarizable
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continuum model? as implemented in Gaussian03. In the
calculations in solutions a molecular-shaped cavity was used,
which was built by interlocking spheres having the following
radii: 2.28 A for aromatic C—H groups, 2.4 A for CH; and CH;
groups, 2.04 A for N and sp? and sp C atoms, 1.824 A for O
atoms, and 1.44 A for acidic H atoms. The following values
for the static dielectric constant of the solvents were used:
2.228 for CCly, 4.9 for CHCl;, and 20.1 for n-PrOH.

3. Results and Discussion

3.1. Selection of the Model. The study of the
activation mechanism of e-caprolactam on the chain
extension and cross-linking of polyurethane coatings is
complex because of the many variables affecting the
reactivity of the system. Moreover, most of the effects,
such as the influence of the environment and the
reactivity of the groups, which may depend on the
dimension of the growing chains, change as the reaction
proceeds. It was reported that complex models have to
be used to describe the kinetics of polyurethane forma-
tion.! For this reason, to simplify the study and to make
it possible to understand the details of the mechanism
and the kinetic features, the reaction between TDI and
n-PrOH (A) was chosen as model of the addition reaction
involved in the formation of polyurethanes.

TDI was selected because it is widely used as starting
material for the production of polyurethanes.

A monohydroxyl alcohol was used instead of a glycol
in order to focus the study on urethane function in
absence of the physical modifications of the reaction
environment typically associated with the formation and
growth of polymeric chains. Moreover, the reactivity of
both —NCO and —OH remains constant during the
reaction time, and only the difference in reactivity
between the two isocyanic groups is to be taken into
account.

The choice of CCly as reaction solvent is first of all
due to the fact that all reactants are soluble in it, and
in addition, it does not cover the IR absorption band of
isocyanate used to follow the formation of urethane
linkages. Last, CCl, should not be involved in hydrogen
bonds with the reactants, which have been reported to
influence the reaction mechanism and kinetics.”8¢

3.2. The Reaction Model and Its Kinetics. The
behavior in time of the IR spectrum of the solution
absorbance by mixing equal amounts of the solutions
of TDI and n-PrOH is reported in Figure 1: as expected,
the decrease of the stretching band of the isocyanate
group (2265—2274 cm™1) is observed (Figure 1A). Notice
that the maximum peak height was monitored instead
of the area because the absorption at 2270 cm ™1, due to
the COq present in the measure chamber, is partially
superimposed to the isocyanate absorption and could not
be completely eliminated by the instrument software.
Further inspection of Figure 1A reveals the appearance
and the increase in the bands at 1741 (v=0 carbamate),
1525 (vC=0 of the associate carbamate), 1416 (v¢N), and
3445 cm~! (vN~H carbamate), all indicating the forma-
tion of urethane-type linkages. In addition, the increase
in the band at 1597 ecm™! and the corresponding
decrease in the band at 1618 cm™! (which can be
assigned to the stretching of the carbon—carbon bonds
of the aromatic ring of products and reactant, respec-
tively) were observed. Moving to the analysis of the
behavior of Figure 1B, the IR spectra in the range
between 3800 and 3300 cm™~! as a function of the time
show the increase in the intensity of the N—H stretching
band at 3445 cm™!, whereas the O—H stretching band
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Figure 1. IR spectra of the TDI/n-PrOH mixture (0.0166/

0.0332 by mole in CCly) in a CaF's IR cell for liquid at different

reaction times: (A) in the range between 1400 and 2400 cm™1;
(B) in the range between 3000 and 4000 cm™.

typically associated with the formation of alcohol clus-
ters’ decreases.

The addition of 5 mol % of e-caprolactam to the TDI/
n-PrOH mixture accelerates the decreasing rate in the
intensity of the IR stretching band of the isocyanate,
as is shown in Figure 2. In particular, in this case the
unreacted isocyanate is not detectable anymore at the
time corresponding to the reaching of about 30% of the
initial value in the reference reaction (i.e., without
catalyst).

To investigate in more detail the possible reactions
between TDI and e-caprolactam, their CCly solution
were mixed together with a 1:2 ratio. The decrease in
the stretching band of the isocyanate and the appear-
ance and the following increase in intensity of two bands
at 1641 and 1591 cm ™! indicate the consumption of TDI
and the formation of an acylurea linkage. These findings
suggest that, as a result of the reaction between TDI
and e-caprolactam, acylureic groups are formed, and in
particular, the formation of a diadduct-like species (AC)
is here suggested (see Scheme 5). The possibility of
formation of AC is in agreement with the well-known
reaction between e-caprolactam and isocyanate groups,
leading to the formation of “blocked” isocyanic groups
which can easily be recovered by heating.*

The kinetics of the relative decrease in the isocyanate
stretching band in the reaction of TDI with n-PrOH and
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Figure 2. Comparison among the experimental decrease in
time of the relative maximum absorbance of the IR stretching
band of isocyanate in the range 2200—2300 cm™! for the
reactions listed in the legend which were all carried out with
a 0.0166 M starting concentration of TDI and by using CCly
as solvent.
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e-caprolactam are compared in Figure 2 with the other
cases here studied. It is evident that the reaction
between TDI and e-caprolactam is much faster than the
others.

The analysis by IR, NMR, and GC-MS of the TDI/e-
caprolactam/n-PrOH (4.3/8.6/8.6 mmol) mixture stirred
for 8 days at room temperature in 9 mL of CCl4 reveals
the presence of several compounds, among them the
products resulting from the mono- and diaddition of
n-PrOH to TDI and addition products of e-caprolactam
to TDI. Moreover, unreacted n-PrOH and e-caprolactam
(in traces) are also present.

From the resulted presented so far, the following
points can be issued:

e The reaction between TDI and n-PrOH gets faster
if a catalytic amount of ¢-caprolactam is added to the
mixture.

¢ Both e-caprolactam and n-PrOH can react with TDI
at room temperature; however, the reaction between
TDI and e-caprolactam is faster than the one between
TDI and n-PrOH. The formation of AC in the TDI/n-
PrOH/e-caprolactam (1/2/0.05) mixture can occur in the
initial stages.

To investigate a possible role of AC in accelerating
the reaction between TDI and n-PrOH, it was synthe-
sized and characterized. Then, the decrease in time of
the IR stretching band of isocyanate of a TDI/n-PrOH/
AC (1/2/0.025 mol) mixture was monitored. The behavior
of IR spectra of the mixture at different observation
times, which is reported in Figure 3, is similar to that
observed for the uncatalyzed reaction (compare Figure
1). In addition, the appearance and increase of a band
at 1645 ecm™! are also evidenced. This band can be
addressed to the formation of small amounts of urea

NCO
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Figure 3. IR spectra in the range between 1400 and 2400
cm ! of the TDI/n-PrOH/e-caprolactam mixture (0.0166/0.0332/
0.00018 M in CCly) in a KBr IR cell for liquid at different
reaction times. Solvent contribution has been subtracted.
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Figure 4. Comparison between the experimental decrease in
time of the relative maximum absorbance of the IR stretching
band of isocyanate in the range 2200—2300 cm™! for the
reaction between TDI and n-ProH (0.0166/0.0332 M in CCls)
carried out in the presence of a catalytic amount (1 mol % of
catalyst with respect to TDI) of e-caprolactam or AC.

linkages deriving from the reaction between aromatic
amines and isocyanate. The formation of the aminic
derivatives is confirmed by the increase in the intensity
of the peak at 2237 cm~! due to COs in solution: this
peak, which is observed at a longer reaction time, is
typically associated with the decomposition of TDI as a
result of the reaction with water.!

In Figure 4, the kinetics of the reactions between TDI
and n-PrOH both in the presence of AC and of an
equivalent amount of e-caprolactam are reported. As it
is clearly shown, the two kinetics are comparable. Thus,
from the data shown so far it seems possible to infer
that the actual catalyst in the reaction TDI/n-PrOH/e-
caprolactam is AC.

3.3. Discussion of Kinetics Data. It is well know
that in aromatic diisocyanates, where the isocyanate
groups are located at the same aromatic ring, substitu-
ent effects cannot be neglected and that the kinetic
scheme for the reaction of a monoalcohol with TDI is
based on two parallel and two subsequent reactions (see
Scheme 6). Each reaction step is usually considered to
follow a second-order kinetics depending on the concen-
tration of isocyanate and alcohol, thus resulting in a
quite complicated mathematical description.1%2! The
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rate of change in the concentration of all the involved
species obeys the following set of kinetic equations:

2 [TDIMPrOH) - A, TDImPrOR] (1)
d[I]
e k,[TDI][nPrOH] — &4[I1[nPrOH] (2)
% — %,[TDI|[nPrOH] — k,[I|[nPrOH]  (3)
% = k,[T)[nPrOH] + %, [T [nPrOH]  (4)
% = —k,[TDI][nPrOH] — k,[TDI][(nPrOH] —

k4[I1mPrOH] — £,[II][nPrOH] (5)

where I and II are the addition products of one molecule
of alcohol to the isocyanate in position para and ortho
to the methyl group on the aromatic moiety, respectively
(see Scheme 6). III is the addition product of two alcohol
molecules to TDI.

By solving such equations with the following assump-
tions

k4
ky+

k3
Ry + &y

<1 and <x1 (6)

the variation in time of the concentration of two isocy-
anate groups is described by the following equation:
[NCOl _ 2[TDI] + [I] + [II] _
INCO], 2[TDIJ, B
C,+C4
X
{C,[TDI], + C, + Cg}e 2tk _ o [TDI],

1( ky ky )
1-2 + +
Nk + kg —ky Ryt hy— kg
1k
2k, + ky— kg
C,+ C, kyfkrths)
(Co+Cs3)(kytko)t +
{C,[TDI], + C, + Cg}e'Cx itk _ ¢ DI
1 ks
2k, +ky—k,
C,+C, kyf(Re1+es) )
(7
{C,[TDI], + C, + Cg}e' 2kl _ o [TDI],

By applying a fitting procedure to the experimental
data by using eq 7, the kinetic constants reported in
Table 1 are obtained. Despite the model capacity to
describe the experimental concentration decrease in
time, this model is rejected because of the failure of the
assumptions reported in (6). In fact, the values of the
constants obtained through the fitting procedure with
eq 7 yield

ks

ki + ks, =1 ®)

<1 and

4
ky+ kg

By solving eqs 1—5 with eq 8, the variation in time of
the concentration of isocyanate groups is

[NCO]
INCOl,

Cz
X
{(C, + CITDI], + C,} e ** — (¢, + C,)[TDI],

1 1 2 1 ky
1-= += X
2k  tky—ky kit ky—Fy 2k +ky— kg
)ks/(k1+k2)

C,
({(C1 + Cy)[TDI], + Cy}e® ™t — (¢, + C,)[TDI],

ks

1
2k, ¥ hy—ky

)kd(kﬁkz)

2
({(C1 + Cy)[TDI], + C,} e ™ — (¢, + C,)[TDI],
9)

Details on derivation of eqs 7 and 9 are given as
Supporting Information.

By applying a fitting procedure to the experimental
data by using eq 9, the kinetic constants reported in
Table 1 are obtained. The assumption in (6) is found to
be true for reactions 1 and 3, whereas it is not exactly
verified for reactions 2 and 4, where the k4/(k; + ko) ratio
is 0.56 and 0.66, respectively. In addition, the reported
values of the kinetic constants for reactions 1 and 3
should also be considered as approximated data, even
if they are affected by lower errors with respect to
reactions 2 and 4. In fact, both the experimental and
theoretical approaches here used are not completely
rigorous: as a result, the estimated values are useful
for comparison purposes between reactions carried out
under similar experimental conditions. However, the
low values of the y2 parameter resulting from the fitting
procedure indicate the capability of the model to de-
scribe the experimental data. In particular, the best
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Table 1. Kinetic Constants and y2 for the Fitting of Experimental Data®

I 111 v
TDI + n-PrOH TDI + n-PrOH + e-caprolactam TDI + n-PrOH + AC TDI+ e-caprolactam
First Approximation (Eq 7)
22 x 105 10 3 5 13
k1 x 10% [mol~! min~1L] 0.1959 + 0.0020 71.0 £2.7 2.083 £ 0.055 359 £ 40
ke x 102 [mol ! min~11] 0.0788 + 0.0071 4144+ 2.8 0.773 £ 0.035 353 £+ 50
k3 x 102 [mol ! min~11] 0.00836 + 0.00058 2.74 £ 0.13 0.1042 + 0.0034 16.7 + 1.8
k4 x 102 [mol ! min~11] 2.6105 + 0.0050 35.64 + 0.37 2.428 + 0.060 261 + 14
Second Approximation (Eq 9)
%2 x 105 1 2 2 16
k1 x 102 [mol ! min~11] 104.9 + 6.6 186.6 + 2.0 155.4 + 8.3 1756 + 56
kg x 102 [mol ! min~11] 34.8 £ 1.7 98.0 £ 1.9 53.0 £2.1 1533 + 72
k3 x 10% [mol~! min—1 L] 0.712 + 0.043 9.729 + 0.067 7.225 + 0.069 116.2 £ 3.8
ks x 102 [mol ! min~11] 170 £ 11 159.5 £ 7.7 233 £ 15 2170 £ 170
@The k; i =1, 2, 3, 4) are kept as adjustable parameters.
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Figure 5. Plots obtained from the semiempirical model
depicting the total reaction proceeding in time for the reaction
between TDI and n-PrOH (1) carried out in CClsy at room
temperature.

fitted case (y2 = 9.86 x 1079) is the reference reaction 1
(TDI/n-PrOH) whereas reaction 4 (TDI + e-caprolactam)
is the worst (y2 = 1.6 x 1074). This is not surprising. In
fact, the kinetics of the elementary steps for reaction I
has been widely investigated in the literature and is
reported to follow a second-order kinetics. (On the
contrary, to the best of our knowledge no detailed
investigations have been performed on the kinetics of
the reaction of addition of e-caprolactam to TDI.)
Furthermore, deviations from the model can also be
caused by secondary reactions such as dimerization and
trimerization of the isocyanate, alcohol self-association
effects, association of alcohol with the forming ure-
thane,%11-22 and reactions with humidity, which are all
neglected by the model.

The values of the calculated constants for the first
addition steps (k1 and k) are in accordance with the
value reported by Cotarga et al.!l for the reaction
between TDI and monohydroxylic alcohols in carbon
tetrachloride at 32 °C.

The kinetic constants seem to indicate that the
observed reaction rate is initially governed by the rate
of consumption of TDI whereas for longer times it is
governed by the rate of consumption of I. In Figure 5
the rates of each individual reaction step as obtained
from the semiempirical model are shown. The amount
of IT formed during the reaction time is quite negligible
because the rate of formation of II is smaller than the
rate of formation of I. In addition, IT does not accumulate
because its consumption rate is higher than its forma-
tion rate. The k3 constant is taken into account for the

Figure 6. Plots obtained from the semiempirical model
depicting the total reaction proceeding in time for the reaction
between TDI and n-PrOH (1) carried out in CCly at room
temperature in the presence of a catalytic amount of AC.

slowing down of the reaction. At this stage the reaction
rate becomes comparable to that of TDI with water,
which is in competition with the former.

The addition of a catalytic amount of e-caprolactam
to the TDI/n-PrOH mixture increases the rate of all
reaction steps even if the mostly affected (besides the
addition of n-PrOH to I) is the slowest step, as results
from the comparison of the relative kinetic constants
of the elementary steps. Moreover, k; and ks may be
overcount in reaction 2 because of the parallel reaction
of e-caprolactam with TDI at the first stage of the
process. The difference in the reactivity between n-
PrOH and e¢-caprolactam is evidenced by the larger
discrepancies in the kinetic constants for the addition
of e-caprolactam (reaction 4) than n-PrOH (reaction 1).
The presence of the parallel reaction of TDI with alcohol
and e-caprolactam at the initial reaction stage for the
reaction catalyzed by e-caprolactam (reaction 2) also
accounts for the differences observed between the reac-
tions catalyzed by e-caprolactam (2) and AC (2). The
comparison of the constants for the reaction catalyzed
by AC (3) and the uncatalyzed reaction 1 confirms the
accelerating effect of AC in the urethane formation
reaction, and in particular it is evident that the catalyst
mostly affects the slowest process (k3), which determines
the reaction rate at larger reaction times. This is clearly
evidenced by Figure 6, where the simulation of the
kinetics of each elementary step of the addition reaction
is shown. By comparing the graphics with what was
reported in Figure 5 for the uncatalyzed reaction 1, it
is evident that both the reactions of formation and
consumption of I are accelerated by AC.
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Table 2. Kinetic Constants and Correlation Coefficients for the Fitting of Experimental Data with Eq 9¢

AC CHC]3 klb X 103 kzb X 103 kgb X 103 k4b X 103
[mol x 10€] [uL] %2 x 105 [mol~! min—! L] [mol~! min1 1] [mol~! min~! L] [mol™! min~! L]

0 0 1 104.9 £ 6.6 34.8 £ 1.7 0.712 + 0.043 170 £ 11
0.151 12 3 219.3 + 4.5 100.0 + 2.2 6.29 £+ 0.08 281 +11
0.163 13 9 216.8 £ 8.0 81.9+3.1 3.96 £+ 0.08 269 + 20
0.172 5 2 155.4 + 8.3 53.0 £ 2.1 7.225 + 0.069 233+ 15
0.176 14 23 381 + 12 480 + 38 9.7+1.1 203 + 10
0.225 13 5 856 + 55 159.6 + 8.4 42.96 £+ 0.67 1300 + 110
0.226 70 7 594 + 34 146.1 £ 6.8 23.11 £ 0.38 817+ 75
0.295 17 5 938 £+ 49 1915+ 7.8 32.11 £ 0.38 1401 4+ 98
0.589 34 13 575 + 31 170.4 £ 9.7 20.73 £ 0.55 646 + 93
0.880 70 5 469.2 £ 9.5 190.7 £ 7.8 16.19 £+ 0.29 459 + 33

@The k; (i =1, 2, 3, 4) are kept as adjustable parameters. ® The standard deviation of each of the k; which is obtained by the fitting is

assumed as error.
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Figure 7. Comparison between the experimental decrease in
time of the relative maximum absorbance of the IR stretching
band of isocyanate in the range 2200—2300 cm™' for the
reaction between TDI and n-ProH (0.0166/0.0332 M in CCly)
carried out in the presence of the catalytic amounts of AC listed
in the legend.

3.4. Effect of AC Concentration. To better analyze
the catalytic activity of e-caprolactam in the reaction of
formation of urethane linkages, different TDI/n-PrOH/
AC/chloroform mixtures with different amounts of AC
were prepared (see Table 2 for the quantities of AC
added to 2 mL of CCly diisocyanate/alcohol solutions 1:1
in volume). Chloroform was used to dissolve AC: see
again Table 2 for solvent amounts used in each test.

The rate of decrease of the isocyanate IR stretching
band shows an irregular dependence on the catalyst
concentration, as is shown in Figure 7. This behavior
can be partially clarified by analyzing each kinetic curve
with the aid of the model given in eq 9, which provides
the kinetic constants reported in Table 2. All ¥2 values
are lower than 0.00023, thus indicating a good cor-
respondence between the model and the experimental
data for all cases. The estimated values for £; and k2
show an increasing dependence on the catalyst concen-
tration and, on the contrary, a decreasing dependence
on the chloroform amount. This is clearly evidenced by
the data reported in the 3D graphics of Figure 8. A
possible reason for such behavior can be competition
between AC and chloroform with respect to reactants,
for example, as a result of hydrogen-bonding interac-
tions.

A rough analysis of the dependence of the observed
kinetic constants on the AC amount by excluding the
chloroform inhibition effect seems to indicate that the
rate of reaction between TDI and n-PrOH increases as

Figure 8. 3D plots for the observed second-order kinetic
constants (plot A for £, and plot B for k3) for the reaction
between TDI and n-PrOH (1) carried out in CCly at room
temperature in the presence of different catalytic amounts of
AC. On the y axis the chloroform amounts used to dissolve
each AC amount are reported.

the catalyst amount increases until the ratio between
AC and n-PrOH of 0.06 is reached. For higher ratios no
further accelerating effects seem to occur; on the
contrary, a decreasing catalytic activity is observed. This
behavior may be due to the limited solubility of AC in
the solvent mixture and to the already mentioned
inhibiting effects of chloroform.

3.5. Quantum Mechanical Calculations. To try to
identify the chemical features of AC which are respon-
sible for its catalytic activity, the determination of the
chemical structure of the molecule would be necessary.
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Figure 9. Calculated structures of AC monoadducts: (a)
reaction of the isocyanate groups in ortho with respect to the
methyl group and (b) reaction of the isocyanate groups in para
with respect to the methyl group.

Table 3. Geometrical Parameters (Distances and Angles)
for the AC Adduct Obtained from the Reaction of the
Isocyanate Groups in Ortho with Respect to the Methyl
Group (See Text for Details)

RA) angle (deg)

C5—-N14 1.413 C5—-N14-C16 127.7
N14—-H20 1.022 N14—-C16—N21 115.6
N14-C16 1.362 C16—017—-H9 103.7
C16—-017 1.225 C16—017—-H33 87.9
O017-H9 2.155 C16—N21-C22 125.8
017-H33 2.172 C16—N21-C24 115.0
C16—N21 1.446 N21-C22-038 123.1
N21-C22 1.390 C22—-038—H20 102.2
N21-C24 1.481 N14-C16—N21-C24 —180.0
C22-038 1.235 C16—N21-C24—-C26 -101

038—H20 1.769 C16—N21-C22—-C23 177.0

Table 4. Geometrical Parameters (Distances and Angles)
for the AC Adduct Obtained from the Reaction of the
Isocyanate Groups in Para with Respect to the Methyl
Group (See Text for Details)

RA) angle (deg)
C5—-N9 1.409 C5—-N9-C11 1274
N9-H15 1.022 N9-C11-N16 115.1
N9-C11 1.360 C11-012—-HS8 103.8
C11-012 1.224 C11-012—-H28 87.6
012—H8 2.195 C11-N16—-C17 125.7
012—-H28 2.169 C11-N16—-C19 114.8
C11-N16 1.446 N16—C17—-033 123.4
N16—-C17 1.391 C17-033—-H15 102.1
N16—-C19 1.478 N9-C11-N16-C19 180.0
C17-033 1.232 C11-N16—-C19-C21 -100.0
033-H15 1.764 C11-N16-C17-C18 176.6

However, it was not possible to obtain AC crystals
suitable for a structure determination by conventional
X-ray analysis; for this reason, to obtain a prediction of
the molecular structure of AC and to clarify its struc-
tural features leading the catalytic activity, a BSLYP/
6-31+G* quantum mechanical study on AC has been
performed. In particular, because of the quite large
number of degrees of freedom of the molecule, the
calculations were limited to the structure of the complex
obtained by the reaction of TDI with only one molecule
of e-caprolactam. Stable structures are predicted in the
case of both the ortho and para reaction (see Figure 9
and Tables 3 and 4 and for pictures and selected
geometrical parameters). The deviation in the geo-
metrical parameters of the urethane-like portion be-
tween the two isomers is less that 0.3% on average and
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Figure 10. AIM map of the electron density of a selected
portion of AC.

never larger than 1.9% for the single parameter. This
indicates a substantial equivalence in structure of the
two isomers. In both cases, the analysis of the oxygen—
hydrogen distances evidences the possible presence in
the structures of three intramolecular hydrogen bonds,
which are indicate by dotted lines in Figure 9.

Because of the substantial equivalence in the two
isomers, in the following we will focus on the ortho
isomer only. To consider the change in geometry arising
from effects due to a solvent environment, geometry
optimizations were repeated in CCly, CHCl3, and n-
PrOH. The average deviation between the geometrical
parameters calculated in a vacuum and in solution is
0.16% in CCly, 0.18% in CHCIls, and 0.34% in n-PrOH,
thus indicating that the urethane-like structure is quite
rigid and only little affected by environmental effects.
It should be noticed, however, that our solvation model
is purely electrostatic and does not explicitly take into
account specific solute—solvent interactions (for ex-
ample, hydrogen bonding). Nonetheless, in the following,
based on the slight difference arising from the presence
of the solvation environment, the discussion will be
limited to the structure calculated for the isolated
system.

To characterize the calculated structure and to evi-
dence the presence of hydrogen bonding from the
electronic point of view, in Figure 10 the map of the
electronic density as calculated by exploiting the Bader’s
atoms in molecules analysis is reported. We recall that
the AIM analysis is based on a topological characteriza-
tion of the electron density distribution and considers
the presence of a (3, —1) bond critical point between two
atoms (indicated by a triangle in Figure 10) as a
necessary and sufficient condition for the presence of a
chemical bond.18¢ Besides the presence in the structure
of AC of such critical points related to covalent bonds,
the analysis of the electron density distribution in AC
reveals the presence of three additional (3,—1) bond
critical points between H(9) and O(17), H(20) and O(38),
and H(33) and O(17), labeled 1, 2, and 3, respectively,
in Figure 10. These critical points are related to the
presence of three intramolecular hydrogen bonds. It has
been reported that the value of the electron density p
and its Laplacian V2p at the bond critical points (3, —1)
correlate with the bond energy.'® The values of such
indexes for selected bonds of AC are reported in Table
5. The charge densities at bond critical points of the
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Table 5. Electron Density, Its Laplacian V2p, and
Ellipticity ¢ at Selected Bond Critical Points of AC

10%p 102v2p 10%
N(14)—H(20) 32.116 —40.3806
C(6)—H(9) 28.272 —25.9443
C(24)—H(33) 28.404 —25.8269
1 O(17)—H(9) 2.0000 1.80904 10.6612
2 0(38)—H(20) 4.2088 3.59749 1.02342
3 O(17)—H(33) 2.1964 2.29359 88.8425

Table 6. Natural Atomic Charges of Selected Atoms of
(Ortho) AC and e-Caprolactam (Atomic Units)

atom charge atom charge
AC: H(9) 0.27975 AC: H(benzenic, medium) 0.24750
AC: O(17) —0.64571 e-caprolactam: H (medium)  0.24608
AC: H(20) 0.46232 e-caprolactam: H (amidic) 0.43207
AC: H(33) 0.29159 e-caprolactam: O —0.64127

AC: O(388) —0.63486

Table 7. Natural Atomic Charges of Selected Atoms of
AC, e-Caprolactam, and DABCO (Atomic Units)

atom charge
AC: N(14) —0.64552
AC: N(21) —0.52685
e-caprolactam: N —0.68098
DABCO: N —0.52225

hydrogen bonds (1, 2, and 3) are an order of magnitude
smaller than that found for a covalent bond (compare
values in Table 5) and all within the ranges reported
in the literature (see, for example, ref 23). In addition,
the values of the Laplacian of the charge density at bond
critical points 1, 2, and 3 are positive: this is a further
necessary condition to define hydrogen bonding. Also,
the range of values here obtained compare very well
with the range reported in the literature for hydrogen
bondings, 0.024—0.139 au.2%2 In summary, from the AIM
analysis, the presence of three hydrogen bonds in AC
can be stated. In more detail, we note that the strength
of the H bond involving O(38) and H(20) is double the
value of the O(17)—H(9) and O(17)—H(33) H bonds.
Moreover, the ellipticity values reported in Table 5 show
a larger instability of the O(17)—H(9) and O(17)—H(33)
H bonds with respect to the O(38)—H(20) bond: in
addition, among the three H bonds, O(17)—H(33) is the
least stable. All these findings are not unexpected and
correlate well with the bond distances, being 1.769 A
for O(38)—H(20), 2.155 A for O(17)—H(9), and 2.172 A
for O(17)—H(33).

To further characterize hydrogen bonding in AC, in
Table 6, natural atomic charges of selected atoms of AC
are reported: for comparison, natural atomic charges
of selected atoms of e¢-caprolactam are also shown.
Notice that natural charges of either H(20) or H(33) and
H(9) are more positive than the corresponding ones of
similar atoms not involved in hydrogen bonding.

To further characterize AC, in Table 7 the natural
charges of selected atoms of it are shown in comparison
with charges of relevant atoms of e-caprolactam and 1,4-
diazabicyclo[2.2.2]octane (DABCO), which is commonly
used as catalyst in the polyurethane formation reaction.?
We note that N(21) in AC has a charge very similar to
the corresponding atom in DABCO. (The charge of N(14)
is instead more similar to that of the nitrogen atom in
e-caprolactam, but less negative.) These findings can
suggest that, as a result of the formation of AC, the
formation of a DABCO-like catalytic center occurs.
Perhaps, the catalytic effect is lead by the lone-pair like
orbital of N atomic centers. In particular, it is possible
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that the N(21) lone-pair-like orbital, which essentially
has a p character, coordinates the acidic H of n-PrOH,
thus favoring the further attack of the alcoholic oxygen
atom to the carbonylic center, which will result in the
formation of the urethane and which will form back the
precursor catalyst (e-caprolactam) (see Scheme 7).

Such an hypothesis is also in accordance with the
findings that were shown in the previous section, i.e.,
the inhibiting effect of chloroform on the reaction
kinetics. In fact, coordination between the acidic H atom
of chloroform and the N(21) center of AC can occur, thus
resulting in competition between n-PrOH and chloro-
form for the catalytic site.

4. Summary and Conclusions

The experimental work here reported and the analysis
of the kinetic parameters obtained through the kinetic
model given by eq 9 have shown the accelerating role
of e-caprolactam in the reaction of formation of urethane
linkages from isocyanates and alcohol. In particular, it
has been demonstrated that e-caprolactam is the pre-
cursor of the active catalytic species, which in the case
in study is the acylurea-like derivative AC: 1-methyl-
2,4-[(2-oxoazepane-1-carbonyl)amino]benzene, which is
formed in situ as a result of the reaction between TDI
and e-caprolactam.

The catalyzed reaction follows a second-order kinetics
with respect to the reactants; however, a not completely
clarified dependence on the amount of catalyst is found.
This should indicate that TDI or n-propanol participate
with AC to the formation of the activated complex of
the rate-determining step of the reaction. However, on
the basis of the experimental data reported, it is not
possible to assess which one, between TDI and n-
propanol, is the activated species. In addition, to the
best of our knowledge, no additional data are available
in the literature to help us in the explanation of the
origin of the catalytic activity of AC. To further inves-
tigate this point, and due to the impossibility of obtain-
ing AC crystals suitable for X-ray analysis, the molec-
ular structure of AC has been predicted by quantum
mechanical calculations. Such calculations have in some
way clarified AC structural features leading the cata-
lytic activity, showing, in particular, the formation of a
DABCO-like catalytic center. A possible catalysis mech-
anism has been proposed, involving the N(21) lone-pair-
like orbital coordinating the acidic H of n-PrOH, thus
favoring the attack of the alcoholic oxygen atom to the
carbonylic group.
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