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Abstract: A kinetic and mechanistic investigation of the alcoholysis of phenyl isocyanate using
1-propanol as the alcohol was undertaken. A molecular mechanism of urethane formation in both
alcohol and isocyanate excess is explored using a combination of an accurate fourth generation
Gaussian thermochemistry (G4MP2) with the Solvent Model Density (SMD) implicit solvent model.
These mechanisms were analyzed from an energetic point of view. According to the newly proposed
two-step mechanism for isocyanate excess, allophanate is an intermediate towards urethane formation
via six-centered transition state (TS) with a reaction barrier of 62.6 kJ/mol in the THF model. In the
next step, synchronous 1,3-H shift between the nitrogens of allophanate and the cleavage of the C–N
bond resulted in the release of the isocyanate and the formation of a urethane bond via a low-lying TS
with 49.0 kJ/mol energy relative to the reactants. Arrhenius activation energies of the stoichiometric,
alcohol excess and the isocyanate excess reactions were experimentally determined by means of
HPLC technique. The activation energies for both the alcohol (measured in our recent work) and the
isocyanate excess reactions were lower compared to that of the stoichiometric ratio, in agreement
with the theoretical calculations.
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1. Introduction

Isocyanates are among the most valued synthetic intermediates [1]. Their reactions with various
nucleophiles give rise to important classes of compounds, such as urethanes, thiouretanes and ureas.
These reactions are of industrial importance because they provide the basis of the very versatile class
of polymers, polyurethanes, where the main process is the reaction of di-isocyanates with polyols.

From a kinetic and mechanistic point of view, the addition reaction between the isocyanato and
the hydroxyl group has been of interest since the 1930 [2]. The first detailed kinetic investigations of
uncatalyzed and catalyzed reactions was made by Baker and co-workers in the 1940s [3–5]. Their studies
concluded that the apparently bimolecular addition is catalyzed by both the alcohol reactant and the
urethane product [4]. Later, the possibility of having alcohol associates as the active reacting partner
was pointed out [6–8]. The rate constant of the reaction strongly depends on the solvent [9].

The experimental activation energies for the reactions of aryl isocyanates with alcohols are
generally in the range of 17–54 kJ/mol ([10,11] and references cited in each). For a given reaction
the activation energy depends on the solvent and the ratio of the reactants. Theoretical calculations
showed that the rather high energy barrier (>100 kJ/mol) [8,12,13] needed for reaching the bimolecular
transition state (direct addition) becomes substantially lower if one or two additional alcohol molecules
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(alcohol catalysis), or a urethane molecule (autocatalysis) are also incorporated into the transition
state [8,14,15]. A schematic mechanism of such alcohol catalysis is presented in the upper part of
Figure 1.
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Figure 1. Elementary reaction mechanism for urethane bond formation. The alcohol excess mechanism
(top) involves a hydrogen-bonded alcohol associate as the reactant, while the isocyanate excess
mechanism (bottom) starts with dipole-dipole stabilized intermolecular isocyanate dimer. In the
present study R = Pr and Ar = Ph.

Strong intermolecular hydrogen bonds can stabilize these alcohol associates which is also confirmed
by consistent molecular dynamic simulation and X-ray experiment study on liquid 1-propanol by
Akiyama and co-workers [16]. This fact makes the above-mentioned mechanism plausible in the
condition of excess alcohol. On the other hand, isocyanates also have potential to form associates due to
its large permanent electric dipole moment (|µtot,MP2/aug-cc-pVTZ| = 2.78 D [17], |µtot,MW| = 2.81 D [18]).
Indeed, Lenzi et al. reported interaction energy of 24.3–32.8 kJ/mol for alkyl-isocyanates dimers using
density functional theory (DFT) calculation [19]; therefore, these isocyanate associates can also be
formed in isocyanate excess and can provide a starting point for urethane formation. The proposed
reaction mechanism can be seen in the bottom of Figure 1. In this paper, we present this new possible
reaction mechanism, supported by both theoretical and experimental findings, in which two isocyanate
molecules facilitate the urethane formation process. The theoretical investigation of the reaction
mechanism requires an adequate and robust quantum chemical protocol. The fourth generation
G4MP2 quantum chemical protocol had been demonstrated several times [20–22] to provide overall
thermodynamic results with chemical accuracy [23].

2. Materials and Methods

2.1. Materials

The reaction of phenyl isocyanate (PhNCO) and 1-propanol (PrOH) was conducted at a
stoichiometric ratio and at 20-fold isocyanate molar excess. PhNCO (≥99%, Acros Organics BVBA,
Geel, Belgium) was used as received. Acetonitrile (ACN) was HPLC grade (VWR International LLC,
Debrecen, Hungary). To achieve low water content, PrOH (≥99%, VWR International LLC, Debrecen,
Hungary) and tetrahydrofuran (THF) (≥99%, VWR International LLC, Debrecen, Hungary) were stored
over 20%(m/V) activated molecular sieves (3Å, beads, VWR International LLC, Debrecen, Hungary)
for at least two days [24]. n-Butylamine (≥99%) was purchased from Merck Kft. (Budapest, Hungary).
N,N′-diphenylurea (≥98%) was purchased from Alfa-Aesar (Ward Hill, MA, USA).
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2.2. Kinetic Experiments

Stock solutions of 2.0 M PhNCO and 2.0 M PrOH in THF (for the stoichiometric runs), and 4.0 M
PhNCO and 0.2 M PrOH in THF (for the NCO excess runs) were prepared in volumetric flasks.
From the prethermostated (±0.1 ◦C) stock solutions, 5.0 mL of PhNCO and 5.0 mL of PrOH solutions
were pipetted into a prethermostated glass vial, which was then capped. The experiments were
conducted at 303,313 and 323 K. At different time intervals a sample of 10 µL was withdrawn from
the reaction mixture and mixed into 990 µL ACN containing 30 µL of n-butylamine in order to
quench the reaction. The amine reacted spontaneously with the isocyanate to form the adduct
N-butylphenylurea. The quenched samples were further diluted by a factor of 50 (for the PhNCO
excess runs) or 5 (for the stoichiometric runs) with an ACN:H2O = 1:1 mixture and were subjected
to HPLC analysis. The concentration of the N,N’-diphenylurea side-product (originating from the
hydrolysis of PhNCO) was also determined and was found to be a maximum of 5.6% of the starting
PhNCO concentration.

2.3. Analysis Method

Analysis of the quenched and diluted samples was done using a Shimadzu HPLC (Shimadzu
Corporation, Kyoto, Japan) equipped with LC-20AD pumps, SIL-20AC autosampler, DGU-20A3R
degassing unit, CTO-20A column oven and a SPD-M20A photodiode array detector. A SunShell C8
column (2.6 µm, 150 × 3.0 mm; ChromaNik Technologies Inc., Osaka, Japan) thermostated at 40 ◦C was
used for the separation. The injection volume was 25 µL. The eluent was ACN:H2O with a gradient
as follows: 0–3.50 min, 42% ACN; 3.51–4.50 min, 82% ACN; 4.51–9.00 min and 42% ACN, at a flow
rate of 0.6 mL/min. The product n-propyl phenylcarbamate was quantified at 239 nm. For calibration,
the reference compound was synthesized from PhNCO in PrOH and purified by flash chromatography.

2.4. Theoretical Method

G4MP2 composite method [23] was applied for obtaining accurate thermodynamic properties,
such as zero-point corrected relative energy (∆E0), relative enthalpy (∆H(T)) and relative molar Gibbs
free energy (∆G(T,P)) for the species involved in the studied reaction mechanisms. As part of G4MP2
protocol B3LYP [25], functional was applied in combination with the 6–31G(2df,p) (this basis set is
noted as GTBas3 in Gaussian09 [26]) basis set for Berny algorithm driven geometry optimizations
(using “tight” convergence criteria with the following thresholds: maximum force = 0.000015, RMS
force = 0.000010, maximum displacement = 0.000060 and RMS displacement = 0.000040) and frequency
calculations. Normal mode analysis was performed on the optimized structures at the same level
of theory to characterize their identities on the potential energy surface (PES). TS structures were
also checked by visual inspection of the intramolecular motions corresponding to the imaginary
wavenumber using GaussView05 [27] and were confirmed by intrinsic reaction coordinate (IRC)
calculations [28] for mapping out the minimal energy pathways (MEP).

For each step of the G4MP2 protocol, including geometry optimization and single point calculations,
the SMD polarizable continuum model [29] was used to mimic the effect of the surrounding solvent
of 1-propanol (PrOH, εr = 20.524) as well as that of tetrahydrofuran (THF, εr = 7.4257). It is worthy
to note that the static relative permittivity for phenyl isocyanate (PhNCO, εr = 8.940 [30]) is close
to that of THF; therefore, the potential energy surface (PES) obtained in PhNCO and in THF can
be expected to be similar. The SMD model is considered highly accurate, since it achieves mean
unsigned errors of 2.5–4.1 kJ/mol in the solvation free energies of neutral species [29] for the reported
test set. All quantum chemical calculations were performed by the Gaussian09 [26] software package.
The optimized structures and calculated G4MP2 thermochemical properties (E0, H(298.15 K) and
G(298.15 K, 1 atm)) are collected in the Tables S1 and S2 of the Supporting Information.
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3. Results and Discussion

3.1. Results of the Kinetic Experiments

The rate constants (kS for the stoichiometric reaction, kI,obs for the reaction running at 20-fold
isocyanate excess) at different temperatures were determined by plotting the urethane concentration
against time (Figure 1) and applying a non-linear regression using the kinetic Equation (1) for second
order and Equation (2) for pseudo first-order reactions. For the latter, because of the 20-fold isocyanate
excess, the isocyanate concentration during the reaction was regarded to be constant ([PhNCO]0).
In like manner, the rate constant kI can be calculated from the observed rate constant kobs (Equation (3)).

[urethane] = [PrOH]0 ×

(
1−

1
1 + [PrOH]0 × kS × t

)
(1)

[urethane] = [PrOH]0 ×
(
1− e−kI,obs×t

)
(2)

kI,obs = kI × [PhNCO]0 (3)

It is apparent from Figure 2 that the first few data points fit well for the appropriate equations,
namely, the second order one (Equation (1)) for Figure 2a and the pseudo first-order one (Equation (2))
for Figure 2b, but at later reaction stages a positive deviation occurs which possibly accounts from
urethane autocatalysis. In case of a stoichiometric NCO/OH ratio, the addition can be described with
second-order kinetics up to 50–60% conversion. When the isocyanate is in 20-fold excess, the reaction
follows pseudo first-order kinetics only up to a conversion of 25–30%. Therefore, only the initial domain
of the data (see Figure 2) were used for non-linear regressions and reaction rate constant calculations.
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Figure 2. Experimental kinetic curves. (a) Second-order kinetics for the stoichiometric ratio. (b) pseudo
first-order kinetics for the 20-fold PhNCO excess. Data points used for fitting and reaction rate constants’
determinations are indicated by solid curve segments.

Table 1 summarizes the kinetic parameters of the reactions. For the alcohol excess reaction,
the rate constants (kA) and the activation energies were measured in our previous work [11]. Both at
alcohol excess and at isocyanate excess the Arrhenius activation energies are lower than that of the
stoichiometric reaction. (For the Arrhenius plots see Figure S1 in Supporting Information.) From this it
is assumed that not only alcohol, but isocyanate molecules can also exert a catalytic effect and facilitate
the reaction. At or near stoichiometric ratios, both self-catalytic pathways can occur.
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Table 1. Experimental reaction rate constants (kA, kS and kI) at different temperatures, Arrhenius
activation energies (Ea) and pre-exponential factors (A). Ea and A values were obtained by the method
of least squares. For [NCO]0/[OH]0 = 0.005, data are taken from [11]. (n.m. = not measured).

Temperature, K
Alcohol Excess

[NCO]0/[OH]0 = 0.005
Stoichiometric Ratio

[NCO]0/[OH]0 = 1
Isocyanate Excess

[NCO]0/[OH]0 = 20

kA × 105, M–1 s–1 kS × 105, M–1 s–1 kI × 105, M–1 s–1

303 n.m. 1.76 ± 0.18 0.52 ± 0.04
313 0.16 ± 0.01 3.72 ± 0.32 0.91 ± 0.07
323 0.23 ± 0.01 7.41 ± 0.60 1.55 ± 0.11
333 0.33 ± 0.02 n.m. n.m.

Ea, kJ mol–1 30.4 ± 1.6 58.6 ± 6.0 44.2 ± 4.5
A, M–1 s–1 18.8 ± 1.0 234113 ± 23971 214.9 ± 21.9

Rate constants in Table 1 are apparent rate constants, as the values depends on reaction conditions,
such as the applied solvent and the concentrations of the reactants.

3.2. Results of the Theoretical Calculations

Hydrogen bond stabilized alcohol associates have been confirmed [16] and their role of reduction
of the activation barrier in the urethane formation is already accepted [8]. Therefore, the energies of the
PrOH dimer and PhNCO were used as the references in this G4MP2 model calculation. Thermodynamic
values for the stationary points of the reactive potential energy surface are summarized in Table 2 and
relative zero-point corrected energies in PrOH and THF are also displayed in Figure 3.
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Table 2. G4MP2 thermochemical properties calculated in 1-propanol (PrOH) and in tetrahydrofuran
(THF), including zero-point corrected relative energies (∆E0), relative enthalpies (∆H(T)) and relative
Gibbs free energies (∆G(T,P)) at T = 298.15 K, and P = 1 atm. (A) according to alcohol excess,
and according to isocyanate excess (I). All values are in kJ/mol.

Pathway Species
∆E0 ∆H(T) ∆G(T,P)

PrOH THF PrOH THF PrOH THF

Alcohol
Excess (A)

PhNCO + 2 PrOH 0 0 0 0 0 0
A_RC −17.0 −30.8 −14.0 −27.2 25.1 50.5
ATS 35.4 20.7 32.7 17.0 91.4 119.2

A_PC −99.7 −109.3 −100.9 −109.8 −47.4 −17.2

Isocyanate
Excess (I)

2 PhNCO + PrOH 0 0 0 0 0 0
I_RC −34.6 −12.7 −33.0 −11.1 −12.7 36.9
ITS1 51.1 62.6 44.0 55.7 62.6 141.3
I_IM −152.3 −139.3 −160.1 −147.2 −139.3 −59.0
ITS2 39.4 49.0 31.5 41.2 49.0 129.4
I_PC −105.6 −103.1 −109.2 −106.4 −103.1 −38.4

In line with the theoretical and experimental work of Raspoet et al. [8], a reactive complex of
the alcohol excess reaction (A_RC) had been characterized and its structure is shown in Figure 4.
This structure is stabilized by three strong hydrogen bonds between the molecular moieties, and the
energy gain of the complex formation is 16.9 kJ/mol in PrOH medium (values obtained in propanol
solvent will be discussed further). In this concerted mechanism, the transition state structure (ATS in
Figure 4) is a six centered structure. In ATS, the positively charged hydrogen of PrOH shifts to the
electron rich nitrogen of the PhNCO, while the NCO group is being bent, activating the carbon for
the formation of a new C–O bond, while the other PrOH and the hydrogen of this alcohol’s oxygen is
transferred to the other alcohol in the same time. Due to the complex interaction network, the transition
state energy is only 35.4 kJ/mol above the reactant level, which is consistent with the theoretical value
of 27.0 kJ/mol (obtained at the MP2/6-311++G(d,p) or MP2/6-31G(d,p) level of theory) reported by
Raspoet et al. [8] for methanol and hydrogen isocyanate. As a result of the IRC calculation, the product
complex (A_PC) was also localized and the relevant structural parameters are displayed in Figure 4.
As is seen, the urethane bond formed is strongly hydrogen bonded to the oxygen of the remaining
PrOH. This exothermic reaction releases 99.7 kJ/mol energy to form A_PC. Interestingly, the relative
energies of these stationary points become significantly lower by the replacement of the solvent of
PrOH to THF. Obviously, the catalytic effect of the second alcohol can only be manifested when enough
PrOH dimer is accessible for the urethane formation reaction.

Despite of intensive use of PhNCO as a proxy in the mechanistic studies for the urethane formation,
the physicochemical properties of liquid PhNCO are scarcely mentioned in the literature. For example,
only a schematic representation of the intermolecular interactions between PhNCO molecules can be
found in the work of Baev [31], with an enthalpy of vaporization value (∆vapH◦ = 46.5 ± 0.3 kJ/mol),
while neither the viscosity or liquid structure of PhNCO were never reported to the best of our
knowledge. This ∆vapH value is similar to that of 1-propanol (∆vapH◦ = 47.5 kJ/mol) [32]. On the other
hand, the kinematic viscosity of PhNCO is 0.96 mm2/s (298 K) according to our measurement, which is
about 2.76 times smaller than that of 1-PrOH (2.65 mm2/s at 298 K). Due to the recent development
of an accurate GAFF-based force field [33] for isocyanate compounds, the structural elucidation of
PhNCO liquid is expected to come. Until then, as supported by the above-mentioned ∆vapH◦ [31]
and interaction energy [19] of PhNCO being similar to those of propanol, one might hypothesize
that the PhNCO dimers are stable enough to act as a reactant for the urethane formation under
isocyanate excess.
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Figure 4. Reactive complex (RC), transition state structure (TS) and product complex (PC) structures
(obtained at a B3LYP/6-31G(2df,p) level of theory from the G4MP2 calculation) for the alcohol excess
reaction mechanism of urethane bond formation in solvent 1-PrOH or THF (in parenthesis). The relative
zero-point corrected energies are also presented in kJ/mol.

The reactive potential energy profile of two phenyl isocyanate molecules with PrOH is shown in
Figure 3. The reactive complex (I_RC) is stabilized with a hydrogen bond between the nitrogen of one
of the PhNCOs and the hydroxyl of the PrOH molecule, as shown in Figure 5. In addition, the lone
pairs of the hydroxyl point towards the positively charged carbon atom of the NCO group in the second
PhNCO with a distance of 2.992 Å. These interactions can significantly reduce the relative energy of
the reactive complex (−34.6 kJ/mol) compared to that of the reactants. The six-centered transition
state structure (ITS1) resulted in the formation of allophanate (I_IM), which has two synchronized
bond forming components that are combined with hydrogen-abstraction motion, as shown in Figure 5.
In that case, both isocyanate groups are bent, and a long, new C–N bond is being formed between the
isocyanate groups (2.320 Å), while the critical distance between the alcohol’s oxygen and the isocyanato
carbon is extremely small (1.519 Å). In the hydrogen abstraction component of the motion along the
reaction coordinate, the moving hydrogen is attacked by the nitrogen of the isocyanato group from
relatively large distance (rH-N = 1.474 Å) and the O–H length is slightly elongated (rO-H = 1.067 Å).
This motion also leads to the formation of a new C=O bond with a distance of 1.337 Å. ITS1 is 51.1 kJ/mol
higher in energy compared to the energy level of the reactants (PhNCO dimer and PrOH) and it is
15.7 kJ/mol higher in relative energy than ATS in the case of the alcohol excess mechanism.
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Figure 5. Reactive complex (RC), transition state structure (TS), intermediate (IM) and product complex
(PC) structures (obtained at the B3LYP/6 31G(2df,p) level of theory from the G4MP2 calculation) for
the isocyanate excess reaction mechanism of urethane bond formation in solvent 1-PrOH or THF
(in parenthesis). The relative zero-point corrected energies are also presented in kJ/mol.

As IRC calculation started from ITS1 confirmed, I_RC and I_IM are connected through ITS1.
The allophanate formed (I_IM, propyl N,N’-diphenylallophanate) is a thermodynamically stable
intermediate of this potential energy surface with the corresponding relative zero-point energy
of—152.3 kJ/mol. In its planar central structure, a strong intramolecular hydrogen bond can be found
with a short H–O distance (rNH-O = 1.834 Å). According to our B3LYP/6-31G(2df,p) calculation, N–H
bond stretching mode and its rocking mode can be seen as intensive IR peaks at 3547.7 cm−1 and
1574.2 cm−1, respectively. Furthermore, an additional four IR wavenumbers with high intensities can
be assigned to the allophanate functional group. Symmetric and asymmetric C=O stretch modes are at
1761.2 cm−1 and 1713.7 cm−1, respectively. The remaining two complex vibrational motions of the
allophanate ire at 1367.1 cm−1 and 1213.1 cm−1. These IR spectral data may be used to monitor the
components that take part in the reaction [34], although assignment of these peaks can be difficult due
to the multicomponent reaction mixtures, as well as the overlap amongst the IR peaks corresponding
to similar functional groups (e.g., allophanate, biuret and urethane). Proper peak assignment for
allophanates is still under debate [35].

Nevertheless, the allophanate intermediate can further react through transition state ITS2, leading
to the urethane–phenyl isocyanate complex I_PC. As can be seen from Figure 5, ITS2 is a tight,
four-centered transition state corresponding to a hydrogen shift from one of the allophanate nitrogens
to the other. Comparing the relative energy of ITS1 and ITS2, ITS1 is found to be an energetic bottleneck
of this reaction’s channel, since all thermodynamic parameters are higher for ITS1 than for ITS2 by at
least 11.8 kJ/mol, as shown in Table 2. In contrast to the propanol excess mechanism, solvent change
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(from PrOH to THF) increased the relative energy, enthalpy and Gibbs free energy values in the
isocyanate excess mechanism, as also seen from Table 2.

Allophanate formation in isocyanate excess has been already reported [36], although the previously
proposed reaction mechanism starts from a covalently bonded, cyclic isocyanate dimer (uretdione)
which then reacts with alcohol to give allophanate. Allophanate can then decompose to urethane
and isocyanate. In contrast to that, our proposed mechanism only assumes the formation of the
non-covalent dimer, which can react with alcohol through a low-lying, six-centered transition state to
form an allophanate intermediate. This transition state is structurally similar to the proposed one at
alcohol excess.

4. Conclusions

We conclude, that based on theoretical and experimental results, urethane formation can occur
with the active participation of three molecules. One of these molecules, originating from either the
excess alcohol or isocyanate, corresponds to self-catalysis. Our new findings indicate that, besides
the alcohol-catalyzed route which had already been discussed in the literature and verified by this
study, an isocyanate-catalyzed mechanism can also exist. This route, in contrast to the one-step
alcohol-catalyzed mechanism, includes two consecutive reactions and the formation of an allophanate
intermediate. The key step of the new mechanism is the 1,3-H shift between the nitrogens of the
allophanate. The potential energy surface (PES) highly depends on the applied solvent. This agrees with
the well-known solvent dependence of the reaction kinetics of urethane formation. The experimental
findings, i.e., lower activation energies for either the alcohol or the isocyanate-excess reactions
compared to the stoichiometric reaction, also suggest that both self-catalytical pathways could be
feasible. Considering the importance of catalysis in polyurethane synthesis, molecular understanding
the role of the third molecule in the reaction mechanism of urethane formation gives a new direction to
the design of a better catalyst.
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