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The formation of high-purity isocyanurate through
proazaphosphatrane-catalysed isocyanate cyclo-
trimerisation: computational insightst

Jack N. Gibb and Jonathan M. Goodman*

Polyurethane foams are widely used materials and control of their physical properties is a significant chal-
lenge. Management of cyclo-trimerisation during the polymerisation process is vital when tailoring the
mechanical properties of the foam. Proazaphosphatranes are known to efficiently catalyse the cyclo-
trimerisation of organic isocyanates, giving high purity isocyanurate with little uretdione by-product. The
mechanism of this catalysis was previously unknown, although some zwitterionic intermediates have
been identified spectroscopically. We have investigated a nucleophilic-catalysis reaction pathway invol-
ving sequential addition of methyl isocyanate to activated zwitterionic intermediates using density func-
tional theory calculations. Evidence for significant transannulation by the proazaphosphatrane nitrogen
was found for all intermediates, offering stabilisation of the phosphonium cation. Steric crowding at the
proazaphosphatrane nucleophilic phosphorus gives rise to a preference for direct isocyanurate formation
rather than via the uretdione, in sharp contrast to the uncatalysed system which has been found to pre-
ferentially proceed via the kinetic uretdione product. The investigations suggest the mechanism of pro-
azaphosphatrane catalysed cyclo-oligomerisation does not proceed via the uretdione product, and hence
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Introduction

Polyurethane foam is a polymeric foam formed by exploitation
of organic isocyanate’s reactivity towards alcohol and water, to
give the urethane linkage and carbon dioxide, respectively. The
carbon dioxide produced by the reaction of isocyanate and
water swells the polymer matrix into a strong, porous structure,
with a range of foam densities accessible by varying the water
content of the reacting mixture. Polyurethane foam formation
involves many competing reactions (Fig. 1), with polymeris-
ation occurring as a result of isocyanate and polyol multifunc-
tionality and biuret, allophanate and isocyanurate formation.
Applications of polyurethane foam include thermal insula-
tion (for low density foams) and as a structural material (for
high density foams). As the thermomechanical properties of
polyurethane foam are heavily influenced by the relative levels
of the reaction products formed, knowledge of their control is
integral to the intelligent design of novel foams. The density of
covalent crosslinks introduced into the polymer matrix is

Unilever Centre For Molecular Science Informatics, Department of Chemistry,
Lensfield Road, Cambridge CB2 1EW, UK. E-mail: jmg11@cam.ac.uk;

Fax: +44 (0)1223 763076; Tel: +44 (0)1123 336434

TElectronic supplementary information (ESI) available: Cartesian coordinates,
total energies. See DOI: 10.1039/c20b26547h

90 | Org. Biomol. Chem., 2013, 11, 90-97

why little of this impurity is observed experimentally.

considered an important parameter linked to the mechanical
strength of the foam."

Dimer (uretdione, UD) and trimer (isocyanurate, ICU) for-
mation from cyclo-oligomerisation of organic isocyanates has
been well documented, with the latter used to increase crosslink
density in polyurethane foams,” and in activating and cross-
linking polymerisation reactions.>* The formation of high
purity isocyanurate while avoiding uretdione contamination has
become a significant challenge, with uretdione known to sig-
nificantly hamper the activating ability of isocyanurate in the
anionic polymerisation of e-caprolactam to polyamide.’®

Cyclo-trimerisation of isocyanate 1 to isocyanurate 3 is
known to occur spontaneously (Scheme 1), although many
catalysts have been developed to catalyse the reaction. Conven-
tional amine bases can catalyse the reaction but often signifi-
cant levels of uretdione by-products 2 are observed.”® The
discovery of the strong non-ionic bases proazaphosphatranes
(4-7) heralded the possibility of producing isocyanurates in an
unprecedentedly high purity.'®'" Although proazaphospha-
tranes effectively catalyse various reactions,’*™* it is their
cyclo-trimerisation of isocyanates that shows them to be
remarkably efficient catalysts,'® giving isocyanurate with very
low levels of the cyclic dimer uretdione, quickly and at low cat-
alyst loadings (typically 0.1 mol%, see ESIf for catalytic
activities)."®
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Fig. 1 Competing reactions in polyurethane foam formation. R and R" are poly-
functional and so these reactions lead to polyurethane. Sites of branching in the
red structures are responsible for the majority of the crosslinks in the polymer.#
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Scheme 1 Uncatalysed methyl isocyanate cyclo-oligomerisation.

The Lewis basicities of proazaphosphatranes are very high,
typically possessing pK, values over 30, due to the stabilisation
of the protonated species offered by electron density donation
by the phosphorus’ flanking nitrogens and, more dramatically,
transannulation of the cationic phosphorus by the basal/axial
nitrogen."” The geometry of this protonated species could fore-
seeably lead to multiple geometries, varying in the degree of
transannulation, including pro-atranes A, quasi-atranes B and
atranes C (Fig. 2)."* X-ray derived P-N,, distances have been used
to deduce that substituted proazaphosphatrane species invari-
ably occupy B, C or borderline B/C geometries (see ESIt).'* >

The mechanism of proazaphosphatrane catalysed cyclo-
trimerisation has been suggested to involve the formation of
zwitterionic intermediates (8-10) in a stepwise fashion

FCrossing a solid line signifies reaction with isocyanate. Polymerisation occurs
due to the multifunctionality (f > 2) and often branched nature of the isocya-
nates and polyols used. Matrix crosslinking also arises from allophanate, isocya-
nurate and biuret formation.
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Fig. 2 Proazaphosphatrane geometry change due to transannulation.
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Scheme 2 Proposed nucleophilic catalysis stepwise mechanisms for cyclo-oli-
gomerisation of methyl isocyanate by proazaphosphatrane 4.

(Scheme 2),"*° finally forming the linear activated trimer 10
before ring closing to form the isocyanurate product 3. It is
also possible that uretdione 2 acts as an intermediate, reacting
with the initial zwitterionic intermediate 8 to form 10. Evi-
dence for an initial intermediate similar to 8 has been
obtained from *'P NMR and MS experiments on a phenyl iso-
cyanate system catalysed by proazaphosphatrane 4.'° The
initial zwitterionic intermediate of a related, tri-n-butylpho-
sphine catalysed system was also characterised using low
temperature *'P NMR,*® lending credence to the zwitterionic
mechanism proposed (rather than a metallacyclic mechanism)
for palladium(0)-catalysed isocyanate trimerisation.>” A
recently proposed reaction pathway for disilazane catalysed
isocyanate cyclo-trimerisation also points towards the for-
mation of activated intermediates in a sequential fashion.*® In
an effort to understand the selective formation of isocyanurate

Org. Biomol. Chem., 2013, 11, 90-97 | 91


http://dx.doi.org/10.1039/c2ob26547h

Downloaded on 23 December 2012
Published on 08 November 2012 on http://pubs.rsc.org | doi:10.1039/C20B26547H

in proazaphosphatrane catalysed reactions, we decided to
undertake a computational study of both the uncatalysed and
proposed catalytic mechanisms.

Computational methods

Density functional theory (DFT) calculations were performed
using the Jaguar 7.5 computational chemistry package.*®
Default convergence criteria, medium grid density and a quick
accuracy level were used throughout, employing the 6-31G**
basis set,’®?' and the B3LYP hybrid functional,>®>* or the
exchange-correlation functional M05-2X.>* The conformational
space of each stationary point was thoroughly assessed using
Macromodel 9.7 conformational searches.’® All ground and
transition states were fully optimised, unconstrained and veri-
fied by vibrational frequency analysis. All quoted energies and
energy differences were zero point energy (ZPE) corrected
(scaled by 0.9).>”

Transition structures were confirmed to link the appropri-
ate minima via the quick (QRC),?® or intrinsic reaction coordi-
nate (IRC) method,*® as well as visual assessment of the single
imaginary frequency. Single point energy calculations were
carried out on stationary point geometries at the M05-2X/
6-31G** level, and used to correct the B3LYP derived Gibbs
free energy. The effect of toluene solvent (¢ = 2.4) was con-
sidered by the implicit Poisson-Boltzmann model,*® using a
polarisable continuum dielectric solvent in Jaguar.*"*>

Results and discussion
Uncatalysed isocyanate cyclo-oligomerisation

The uncatalysed cyclo-dimerisation and cyclo-trimerisation of
methyl isocyanate was investigated by DFT. The split-valence
polarised 6-31G** basis set,>***' and the well established,****
B3LYP exchange correlation hybrid functional were used. The
mechanisms were also investigated using the highly para-
meterised empirical exchange-correlation functional M05-2X,
to better describe non-covalent interactions.*

Reactant complexes, products and transition structures
were found for the concerted cyclo-dimerisation and -trimeri-
sation of methyl isocyanate (MeNCO) using both B3LYP/
6-31G** and MO05-2X/6-31G** methods (Table 1). The root
mean square deviation (RMSD) in transition structure geome-
tries of uretdione and isocyanurate formation calculated using
the different methods was found to be 0.182 and 0.840 A,
respectively. Comparison of reaction barriers suggested B3LYP/
6-31G** to be sufficient for describing stationary point geome-
tries, and that the using an M05-2X enthalpy correction on the
B3LYP Gibbs free energy gave similar results to using M05-2X
for exploring geometries, as has been previously noted.*® The
method of calculating the M05-2X corrected Gibbs free energy,
Gepos-2x» 1S shown in eqn (1).

( EZPE uncorrected EZPE corrected
MO05-2X B3LYP

(1)

) + Ggaryr = Gmos-2x
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Table 1 Gas phase reaction barriers calculated using different functionals with
the 6-31G** basis set. (i) B3LYP (i) M05-2X (iii) opt. (B3LYP) and MO05-2X
enthalpy correction)

AE'/K] mol ™ AG'/k] mol™

(i) (ii) (iii) (i) (ii) (iii)
2 MeNCO — UD 124.7 114.3 113.2 134.5 130.8 164.0
3 MeNCO — ICU  173.7 151.1 141.1 195.6 161.5  258.5
A(ICU-UD) 49.0 36.8 27.9 62.6 30.6 94.5
A 12 +163.1
(15 +187.1) 11 +120.4
. HE (14 +117.2
> ] \ | 13 +80.8
5 H ' H ' (16 +88.7)
c \
D ! \ [ \ —
o ] \ 1 \ ] \
@ 1 \ [ \ 1 ]
[ ! — \ ! \
! n RNCO ! / \
I 0 —_— \
,1 Uretdione “
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Fig. 3 Free energy reaction profile (kJ mol™") for various intermediates and
transition states of uncatalysed methyl isocyanate cyclo-oligomerisation. Barriers
derived from gas phase geometry Gibbs free energies (B3LYP/6-31G**) cor-
rected with PBF toluene phase (¢ = 2.4) energies calculated at the M05-2X/
6-31G** level. PANCO values are given in parentheses.

The mechanisms of uncatalysed methyl and phenyl isocya-
nate cyclo-oligomerisation were therefore investigated at the
B3LYP/6-31G** level, with subsequent correction of free ener-
gies with M05-2X/6-31G** single-point calculations (Fig. 3).
Pathways going directly to the isocyanurate and indirectly via
the uretdione were considered. No evidence of a stepwise
mechanism was found, all geometries discussed here corre-
spond to a concerted mechanism. Calculated transition struc-
tures are shown in Fig. 4 and all possess a single imaginary
frequency relating to the reaction coordinate (as confirmed by
QRC or IRC). Solvent (toluene) effects were considered by
using M05-2X/6-31G** solvent phase energy calculations on
the gas phase geometries to correct the B3LYP solvent phase
Gibbs free energy. Little structural difference between methyl
and phenyl isocyanate transition structures was observed
(Table 3). Comparison of reaction barriers (Table 2) shows the
formation of the thermodynamic cyclic trimer isocyanurate
product preferentially occurs via the cyclic dimer uretdione
product, which provides an ‘energetic stepping stone’ between
stationary points. This energetic preference to proceed via the
uretdione product is relatively independent of solvation, the
free energy reaction pathways differing by 41.5 and 42.7 k] mol ™"
in the gas and toluene phase (for methyl isocyanate), respect-
ively. This lack of solvation effect can be rationalised by

This journal is © The Royal Society of Chemistry 2013
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considering the relatively apolar nature of the transition
structures.

We are aware of only one previous computational study
investigating uretdione and isocyanurate formation (although
alternative, non-direct, pathways were not investigated).** Com-
parison of our transition structures with those of Okumoto
and Yamabe suggest similar geometries were found for
the direct cyclo-dimerisation and cyclo-trimerisation of methyl
isocyanate (Table 4), with our calculations also providing an
energetically preferable, though indirect, route via the
uretdione.

Computational investigation of proazaphosphatrane catalysed
systems

The calculation of proazaphosphatrane structures is known to
be sensitive to the computational method used, with HF and

164.0 (120.4) 258.5(163.1) 227.7 (128.2)
\

\(\( 3
14 15 16

162.5 (117.2) 249.6 (187.1)

239.4 (138.4)

Fig. 4 Transition structures for the uncatalysed cyclo-oligomerisation of methyl
and phenyl isocyanate. Geometries calculated at the B3LYP/6-31G** level, gas
phase (toluene phase) free energy barriers (AG*) from M05-2X/6-31G** cor-
rected calculations.

View Article Online

DFT/B3LYP methods®*** overestimating P-N,, distances in
comparison to X-ray values. It has been shown that the
MP2 method gives structures that are geometrically closer to
experimental values,”>** although our DFT/B3LYP and DFT/
MO05-2X derived structures (entries 1 and 5, respectively)
display a reasonable agreement with experimental X-ray P-N,
values (Table 5). LMP2 calculations were found to take a prohi-
bitively long time (see ESIT). A slight over-estimation of P-N,
distance may indeed be more representative of the solvent
phase geometries investigated.

As proazaphosphatrane-containing structures are invariably
rather large systems, the reaction of 4 with MeNCO was
initially characterised at various levels to assess the optimal
level to use for further reactions (Table 6). There is significant
literature precedent for the use of the 6-31G** basis set in
related zwitterionic phosphorus-*>*” and nitrogen-containing
systems.”® Due to the significantly polar nature of some
species in the reaction (namely the activated isocyanate
species 8) the effect of adding diffuse functions was assessed
using the 6-31G**+ basis set. The M05-2X functional, which
has been shown to be proficient at investigating

Table 3 Geometric comparison of uretdione and isocyanurate forming tran-
sition structures. The atoms used to calculate RMSD value are those reacting
(isocyanate N, C) and those immediately connected (isocyanate O, methyl or
phenyl C)

NC ) Me ESP
TS distance/A partial charge
Me Ph Me  Ph RMSD/A N C
2RNCO 11 14 1.27 1.27 0.156 -0.41 0.58
3RNCO 12 15 1.25 1.27 1.887 —0.49 0.67
2 + RNCO 13 16 1.30 1.30 2.224 — —

Table 4 Geometric and energetic comparison of gas phase transition struc-
tures obtained via computational methods in this study and that of Okumoto
and Yamabe

This work B3LYP/MO05- Okumoto and Yamabe

2X RHF/6-31G***

N-CI N-CII AE' N-CI N-CII AE'
2MeNCO — UD  1.27 2.00 1132 1.27 1.91 164.8
3MeNCO — ICU  1.25 2.13 141.1  1.26 1.98 242.3

Table 2 Reaction barriers for the uncatalysed cyclo-oligomerisation of methyl and phenyl isocyanate (B3LYP/6-31G**). Calculated using (i) B3LYP/6-31G** (ii)
B3LYP/6-31G** geometries and solvent phase Gibbs free energy with M05-2X/6-31G** correction. PBF toluene values in parentheses

AEY/K] mol™?

AG'/k] mol™

1

iFreq/cm™

R Reactants TS P (@) (ii) (i) (ii) i)

Me 2 MeNCO 1 2 124.7 (120.2) 113.2 (107.8) 134.5 (132.9) 123.0 (120.4) i429.2
Me 3 MeNCO 12 3 173.7 (176.1) 141.1 (143.4) 197.1 (195.8) 164.5 (163.1) i402.2
Me 2 + MeNCO 13 3 145.8 (139.0) 118.4 (111.1) 167.6 (156.2) 140.2 (128.2) i276.3
Ph 2 PhNCO 14 2(Ph) 122.5 (122.7) 105.0 (105.3) 133.5 (134.6) 116.1 (117.2) i246.2
Ph 3 PhNCO 15 3(Ph) 210.0 (206.8) 167.0 (163.2) 226.8 (230.7) 180.1 (187.1) i430.7
Ph 2(Ph) + PhANCO 16 3(Ph) 164.5 (160.2) 136.2 (131.7) 185.5 (166.9) 152.7 (138.4) i305.3

This journal is © The Royal Society of Chemistry 2013
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Table 5 Structural information of protonated proazaphosphatrane 17 calcu-
lated at various levels. No counter anion considered (gas phase)

H
/Me
©]
Me\N/PﬂulN
N-+—Me
</ )
Nax_/
17
Entry  Level PN,/A PH/A Av.NPN/° RMSD/A
1 B3LYP/6-31G** 2.091 1.406  119.3
2 B3LYP/6-31G**++  2.103 1.407 119.3 0.0246
3 B3LYP/6-311G**++ 2.097  1.407 119.3 0.0563
4 LMP2/6-31G** 2.076  1.393 119.3 0.1776
5 MO05-2X/6-31G** 2.066  1.406 119.3 0.0446
6 Cryst. expt.”? 1.967

“Ref. 20. ? BF,~ counter anion.

Table 6 Barriers for the reaction of proazaphosphatrane 4 and MeNCO
obtained at different levels

S}
M Me—N (o]
/ ° \f Me
Me\N/p N MeNCO

Me\ /P nluN
| N/Me N N/Me
|

—_—

4
Level AE'/k] mol™ AG'/k] mol™
B3LYP/6-31G** 54.03 68.79
B3LYP/6-31G**+ 55.13 52.16
MO05-2X/6-31G** 45.37 50.29
MO05-2X/6-31G** (corr.) 40.08 54.84
intramolecular interactions,*® mechanisms®*”! and mechanis-

tic preferences,’” was also investigated.

Results suggest the 6-31G** basis set to be sufficient for
describing proazaphosphatrane system geometries, with the
diffuse functions making little difference in reaction barriers
and only serving to cause convergence difficulties. Literature
precedent exists for the use of similar basis sets for investi-
gation of proazaphosphatrane systems.”® Comparison of M05-
2X geometries/energies and B3LYP derived geometries with a
subsequent M05-2X single-point energy correction, suggest the
latter, less computationally intensive method to be sufficient
for characterising the reactions in question (Table 6), in a
similar fashion to the uncatalysed cyclo-oligomerisation inves-
tigated earlier. Furthermore the transition structure calculated
using M05-2X was found to have a small (i8 cm™") imaginary
frequency in addition to the larger frequency ({1174 cm™") corre-
sponding to the reaction coordinate. This small imaginary fre-
quency withstood multiple optimisation attempts. Hence all
further reactions were characterised using B3LYP/6-31G** geo-
metries with subsequent MO05-2X single point energy

94 | Org. Biomol. Chem., 2013, 11, 90-97
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Table 7 Geometric and energetic comparison of bicyclic phosphines, neutral
(N) and protonated (P). Gas phase derived geometries calculated at the B3LYP/
6-31G** level, with M05-2X single point energies

H
e Me |
®
N=TP 20 =1 SN—-P 20(H) n=1
' 4 n=2 ' 4H) n=2
(9 Naxa 21 n=3 (U Ny 21(H) n=3
n
3 3
P_Naxial/A N
P-H/A Av. N-P-N/° AEP™®"/k]
Species n N,P N,PH Diff. N,PH N,PH mol™*
20 1 273 249 024 139 107.6 —948.6
4 2 311 2.09 1.02 1.406 1193 -1163.4
21 3 379 296 0.83 1.419 115.0 —-1066.4

calculations in the gas and toluene phases to correct the Gibbs
free energy.

Bicyclic phosphines

Bicyclic phosphines other than proazaphosphatrane (20, 21),
differing by the number of methylene units in the rings and
hence ring size formed upon quasi-atrane or atrane geometry
adoption, were investigated. Comparison of optimised neutral
and protonated species (Table 7) suggests transannulation to
be more pronounced in proazaphosphatranes than in the
other bicyclic phosphines, quantified by measurement of the
P-N,a distance. Perhaps unsurprisingly the formation of the
four-membered ring in 20(H) was shown to be significantly
less favoured than the six-membered ring in 21(H). The relative
stability of the protonated bicyclic phosphines also gave an
indication of the degree of transannulation, with 4 changing
in energy by 97 k] mol™" more than 21. The protonated species
differ not only in P-N,, distance but also in the geometry of
the phosphorus, with the protonated proazaphosphatrane dis-
playing a much more planar arrangement (note the average N-
P-N angle). Significant N-P transannulation changes the phos-
phorus geometry from tetrahedral (20(H) NPN = 107.6°) to tri-
gonal bipyramidal (4(H) NPN = 119.3°).

Mechanism of proazaphosphatrane catalysed isocyanate cyclo-
oligomerisation

Likely reactant, zwitterionic intermediate and product geome-
tries involved in the reaction of proazaphosphatrane 4 and
MeNCO were calculated at the B3LYP/6-31G** level. Transition
structures (Fig. 5) corresponding to all steps shown in
Scheme 2 were also found. These calculations suggest that
uretdione and isocyanurate formation occur via a stepwise
mechanism involving initial formation of the corresponding
proazaphosphatrane-activated isocyanate dimer and trimer,
respectively (Table 8). Gas (and toluene) phase reaction bar-
riers show the formation of isocyanurate proceeds via the acti-
vated-trimer 10, which can either be derived from the reaction
of 8 + uretdione (27 AG' = 56.3 (48.9) k] mol™") or 9 + MeNCO
(24 AG' = 50.1 (45.6) k] mol™).

This journal is © The Royal Society of Chemistry 2013
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Fig. 5 Transition structures for the proazaphosphatrane catalysed cyclo-oligomerisation of methyl isocyanate. Geometries calculated at the B3LYP/6-31G** level,

gas phase (toluene phase) free energy barriers (AG™) from M05-2X correction.

Table 8 Reaction barriers and geometric parameters for methyl isocyanate cyclo-oligomerisation catalysed by proazaphosphatrane 4. All geometries calculated at
the (i) B3LYP/6-31G** level (gas phase) (i) with single-point energy corrections at the M05-2X/6-31G** level. PBF toluene values in parentheses

AE'/k] mol™

AG'/K] mol™*

1

iFreq/cm™
Step Reactant TS P (i) (ii) (@) (ii) (i) r(TS P-Ny,)/A
1 4+ MeNCO 22 8 54.0 40.1 (39.0) 68.8 54.8 (53.7) i160.2 3.338
2a 8 + MeNCO 23 9 63.2 46.4 (37.6) 76.4 59.6 (50.9) 1196.1 3.084
3 9 + MeNCO 24 10 48.7 38.7 (34.2) 60.1 50.1 (45.6) i180.3 3.057
4 10 25 3+4 8.2 6.0 (7.7) 13.6 11.5 (13.2) 27.3 3.072
2b1 9 26 2 413 61.1 (53.8) 36.5 56.3 (48.9) i118.0 3.258
2bIl 8+2 27 10 85.7 37.6 (25.8) 113.3 65.2 (53.3) i173.5 3.062

In stark contrast with the uncatalysed system, the reaction
profile (Fig. 6) suggests that the proazaphosphatrane catalysed
system proceeds directly via linear activated oligomers (8-10)
rather than via the uretdione 2. This mechanistic preference can
be rationalised by consideration of the more severe steric conges-
tion around the phosphorus centre in the uretdione transition
structure 26 than in that proceeding to the activated linear
trimer 24. It is suggested that increasing the size of the substitu-
ent on the proazaphosphatrane quasi-equatorial nitrogens (i.e.
5 and 6) would lead to an even greater reduction in uretdione

This journal is © The Royal Society of Chemistry 2013

impurities, a particularly important factor when the isocyanurate
is to be used as an anionic polymerisation activator.

A qualitative assessment of the phosphorus electron density
can be found by comparison of transition structure P-N,, dis-
tance. In the sequential addition of methyl isocyanate to proaza-
phosphatrane 4 to form the activated linear oligomers 8-10,
assessment of the transition structures 22-24 suggests that the
P-N, distance decreases with increasing system size. This can
be rationalised by consideration of the greater charge present on
the phosphorus of the larger structures due to the more distant
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Fig. 6 Free energy reaction profile (k) mol~") depicting the various intermediates and transition states involved in the cyclo-oligomerisation of methyl isocyanate
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Fig. 7 Stabilising interaction observed for the zwitterionic intermediate 9,
serving to decrease the degree of transannulation.

zwitterionic anion (located on the terminal isocyanate nitrogen).
All transition structures were found to adopt the quasi-atrane
geometry (B, Fig. 2). The activated linear dimer 9 is noted to
have a rather high P-N,, distance, indicating transannulation is
not occurring to such a degree as in other stationary point geo-
metries. However, the relative energy of the geometry seems not
to suffer from this lack of transannulation, mainly due to the
stabilising effect brought about by the end isocyanate oxygen (d
O-P =2.06 A), essentially forming a five membered ring (Fig. 7).

Conclusions
We have carried out a computational study of the spontaneous

and proazaphosphatrane catalysed cyclo-oligomerisation of
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methyl isocyanate. The uncatalysed cyclo-trimerisation of iso-
cyanate to isocyanurate was found to proceed via the kinetic
uretdione product, an energetic stepping stone and impurity.
Due to the synchronous and apolar nature of the stationary
points involved, solvent effects were shown to be minimal.
Investigating the catalysed mechanism proposed by Verkade
and co-workers, we predict the reaction proceeds via
sequential addition of the isocyanate to the proazaphospha-
trane-activated linear oligomer. In contrast to uncatalysed
cyclo-oligomerisation, the cyclic dimer uretdione is not the
kinetic product, with the reaction instead proceeding directly
to the isocyanurate. An investigation of neutral and protonated
bicyclic phosphines has suggested that the five-membered
atrane ring formed upon N,,~P transannulation is crucial to
the high basicity and catalytic potency of the proazaphospha-
tranes. The use of superbasic proazaphosphatranes as cata-
lysts, therefore, should minimise uretdione formation and
lead to polyurethane of high isocyanurate content displaying
improved mechanical properties.
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