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ABSTRACT: A comprehensive computational study on the
ring-opening polymerization of propylene oxide catalyzed by
uranyl chloride [UO2Cl2(THF)3] and the uranyl aryloxide
[UO2(OAr)2(THF)2] (Ar = 2,6-tBu2C6H3) is reported. The
initiation and propagation steps have been probed and
significant differences between the two catalysts discovered.
The initiation step involving uranyl chloride is an intermo-
lecular process because the orientation of the lone pair on the
initiating chloride nucleophile is optimally oriented toward the
empty σ*-antibonding orbital of the epoxide, which lowers the activation barrier by 22 kcal mol−1. Thus, initiation is orbitally
controlled. Propagation occurs through a dimeric species, and low-temperature fluorescence spectroscopy has been used to probe
this experimentally. In contrast the initiation step for the uranyl aryloxide catalyzed mechanism is intramolecular because of the
steric constraints imposed by the bulky substituents on the aryl ring and the fact that the lone pair on the nucleophile is able to
approach the propylene oxide coordinated to the same uranium center. Thus, initiation is principally sterically controlled.
Propagation is, however, intermolecular, and this can be traced to steric effects. Experimental evidence in the form of
fluorescence spectroscopy and diffusion NMR has been used to explore the propagation process in solution.

■ INTRODUCTION

The coordination and organometallic chemistry of uranium has
undergone a renaissance of interest over the past few years.1

Studies have identified unique transformations that have no
parallel using d-block metal complexes, most impressively in
small-molecule activation by uranium(III) compounds.2 Cata-
lytic applications are almost exclusively centered on uranium
and thorium in their 4+ oxidation state, with [Cp*2AnMe2] (I)
and its derivatives (II−IV) the most comprehensively ex-
plored.3 However, recently other compounds have begun to be
examined as catalysts, such as the ferrocenylamide-supported
uranium alkyl complex V4 and the simple cationic species VI
(Chart 1).
The classes of reactions catalyzed are now rather impressive

and include polymerization of alkenes, dimerization and
oligomerization of alkynes, hydrosilylation of alkenes and
alkynes, and inter- and intramolecular hydroamination and
hydrothiolation of alkenes and alkynes. Oxygen-containing
monomers have been far less studied because conventional
wisdom indicates that the hard oxophilic metal center will
either simply coordinate the monomer with no further
elaboration or prove susceptible to product inhibition. An
example of this was contained in an early report by Lin and
Marks, who demonstrated a marked decrease in the rate of
hydrogenolysis of the meta-bound alkyl group in [Cp*2Th-

(R)(OR)] relative to that in [Cp*2ThR2].
5 Quite recently,

however, this myth has been challenged by Eisen and co-
workers in studies on the ring-opening polymerization of ε-
caprolactone.6 In addition, a Tishchenko reaction7 using the
metallocene-based catalyst I and the cationic V has been
reported. Notably, however, the use of higher-oxidation-state
organometallic uranium compounds in catalysis is limited to the
[Cp*2U(NAd)2]-mediated reduction of azides.8 There are
very few examples of the uranyl (UO2

2+) moiety acting as a
catalyst.9 We recently demonstrated that epoxides are suitable
substrates for ring-opening polymerization catalyzed by the
simple coordination compound uranyl chloride (1) or a uranyl
aryloxide, [UO2(OAr)2(THF)2] (Ar = 2,6-tBu2-C6H3) (2;
Chart 2).10 Our hypothesis for the choice of this ligand and
metal combination in 2 was as follows: (a) Because of the
participation of f orbitals in bonding, the uranyl moiety is
always trans, which leaves the remainder of the coordination
chemistry to occur in the equatorial plane. Using suitably
sterically encumbered ligands to control the equatorial
coordination sphere, mutually cis ligand and solvent molecules
can be coordinated. A catalytically competent geometry is an
inherent property of the uranyl moiety, which is trivial to
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prepare. (b) A strong U−O bond11 in the (pre)catalyst is
replaced by a U−O bond in the propagating polymer so that
the contribution from enthalpy will be small and the
polymerization will be entropically controlled. (c) There is an
additional energetic contribution from the release of ring strain
of the three-membered ring.12 (d) The nuclearity of actinide
compounds is generally driven by the steric influence of the
ligand, so discrete mononuclear uranyl aryloxides are readily
prepared.13

The principle goal of this study is an in-depth exploration of
the mechanism of the ring-opening polymerization of epoxides
catalyzed by these uranyl compounds using computational
methods. Compounds of the actinides present unique
challenges for theoretical studies because relativistic effects
and electron correlation effects of generally open-shell
multiconfigurational compounds require careful analysis.14

Notwithstanding these challenges, theoretical chemistry has
been used extensively to explore some of the unique reactivity
that experimental studies have reported and where in silico
chemistry is substantially easier than experimental studies, for
example, on trans-uranic compounds.15 It is noteworthy that
the calculations presented herein represent some of the largest
to date (especially for mechanistic studies where the transition
states (TSs) have been located) and demonstrate that
computational actinide chemistry is developing to the same
level of sophistication as that associated with transition-metal
compounds, which are almost considered routine. In order to
support the computational results, further experimental
evidence for the mechanism will also be presented.

■ EXPERIMENTAL SECTION
All manipulations were carried out using standard Schlenk and
glovebox techniques under an atmosphere of high-purity argon.
Spectroscopic-grade tetrahydrofuran (THF) was distilled over
potassium. 1H NMR spectra were recorded on a Bruker AV400
spectrometer operating at 400.13 MHz and referenced to the residual
1H resonances of the solvent used. Details of the diffusion NMR can

be found in the Supporting Information. UV−vis/near-IR spectra were
obtained using a Perkin-Elmer Lambda 1050 spectrometer, and
fluorescence spectra were measured on a Horiba-Jobin-Yvon
Fluorolog-3 spectrometer. The complexes [UO2Cl2(THF)3]

16 and
[UO2(OAr)2(THF)2]

13 were prepared by literature procedures, and
all other reagents were obtained from commercial sources, dried over
CaH2, and distilled under argon before use.

■ COMPUTATIONAL DETAILS
In view of the good performance of density functional theory (DFT),
we were prompted to perform DFT calculations at the B3PW91 level
of theory on all stationary points of the potential energy surfaces that
we studied using the Gaussian09 program suite.17 The equilibrium and
transition structures were fully optimized at the Becke’s three-
parameter hybrid functional18 combined with the nonlocal correlation
functional provided by Perdew/Wang.19 RECP (augmented by an f
polarization function, α = 1.0) adapted to the oxidation state VI+ was
used for the reactions.20 The correctness of the latter is well
documented in previous publications from our group.21 For the rest of
nonmetal atoms, the 6-31G(d,p) basis set was used.22 In all
computations, no constraints were imposed on the geometry. Full
geometry optimization was performed for each structure using
Schlegel’s analytical gradient method,23 and attainment of the energy
minimum was verified by calculating the vibrational frequencies that
result in the absence of imaginary eigenvalues. All stationary points
have been identified for minimum (number of imaginary frequencies
Nimag = 0) or TSs (Nimag = 1). The vibrational modes and
corresponding frequencies are based on a harmonic force field. This
was achieved with a self-consistent-field convergence on the density
matrix of at least 10−9 and a root-mean-square force of less than 10−4

au. All bond lengths and angles were optimized to better than 0.001 Å
and 0.1°, respectively. Gibbs free energies were obtained at T = 298.15
K within the harmonic approximation. Intrinsic reaction paths
(IRPs)24 were traced from the various transition structures to ensure
that no further intermediates exist.

■ RESULTS AND DISCUSSION

In our previous experimental study on the ring-opening
polymerization of epoxides catalyzed by 1 and 2, we reported
strong evidence for an intermolecular mechanism, with a back-
side attack of the nucleophile at an epoxide coordinated to a
second uranium center (Scheme 1).10 Intriguingly, all epoxide
polymerizations catalyzed by transition- and main-group-metal
compounds that have been studied mechanistically follow this
route.25 A substantial body of evidence has been presented that
concludes that this pathway is also followed in CO2/epoxide
copolymerizations.26 Moreover, there is a mechanistic similarity
to the enantioselective ring opening of epoxides studied

Chart 1. Uranium(IV) Compounds Used as (Pre)catalysts

Chart 2. Uranyl Catalysts for the Ring-Opening
Polymerization of PO

Scheme 1. Postulated Initiation and Propagation for Ring-Opening Polymerization of PO by the Uranyl Aryloxide Catalyst 2
(Ar = 2,6-tBu2C6H3)
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extensively by Jacobsen27 and more recently to the
enantioselective ring-opening polymerization of (R)- or (S)-
propylene oxide (PO) reported by Coates et al.28

To gain a deeper understanding of the mechanism of our
uranyl-catalyzed reaction, we have undertaken a comprehensive
computational study on both uranyl chloride, 1, and uranyl
aryloxide, 2. In noncoordinating solvents, 1 exists as the dimer
[UO2Cl2(THF)2]2, so the reaction mechanism involving this
species was also considered, although upon the addition of
epoxide, we postulated that the monomeric species
[UO2Cl2(THF)x(epoxide)y] was preferentially formed. For
the sake of clarity, the uranyl chloride and uranyl aryloxide
catalysts will be discussed separately.
Catalysis by Uranyl Chloride (1). Three different reaction

pathways have been computed, namely, intra- and intermo-
lecular ring opening and one involving a dimeric species
(Scheme 2). On the basis of a spectroscopic study of the

polymer microstructure, the intermolecular mechanism was
proposed experimentally.10 The two first insertions were
considered for PO, and in all cases, the ring opening on the
two different carbon centers has been computed. Because of the
well-known problem of correctly computing the entropy
(especially when several insertion steps and molecules are
computed), the profiles are reported in enthalpy at 298.15 K
(Figure 1). The computed effect of including solvent by means

of full geometry optimization within the conductor-like
polarizable continuum model (CPCM) was found to be small
on the enthalpy (less than 1 kcal·mol−1) and has not been
considered in the following. It should be noticed that standard
single-point calculations in CPCM on the gas-phase geometry
would predict changes of up to 20 kcal·mol−1, so that one has
to properly account for solvent effects.
In all computed cases, the replacement of a coordinated THF

molecule by a PO is computed to be favorable, at around 1

kcal·mol−1 in the best cases. Because of the ring strain in the
epoxide, the oxygen lone pair is in an orbital of increased s
character, which would make the PO less basic than THF.29

Therefore, for this step to be favorable, binding to the hard
metal ion must be accompanied by polarization of the C−O
bond and quasi-carbocationic character. This is confirmed by
inspection of the C−O bond lengths in the three-membered
ring, which are 1.456 and 1.444 Å (cf. 1.427 and 1.425 Å in free
PO). The U−O bond length is 2.460 Å, and the UO bond
length is 1.735 Å. For comparison, in 1, the U−O bonds of the
coordinated THF are 2.443(6), 2.464(5), and 2.467(6) Å,
while the UO bond length is 1.766(6) Å.16 The uranyl U
O bond length is known to be somewhat sensitive to the
electronic environment,30 and this metrical parameter indicates
that the electronic environment around the uranium center is
barely perturbed upon ligand exchange.
From the adduct, the system has to reach the nucleophilic

attack (NA) TS. At this stage, important differences are
observed between the three sets of catalysts that were
considered. The highest barrier (more than 40.0 kcal·mol−1)
is found for the dimer, indicating that the polymerization
reaction cannot occur at this species. This is due to the fact that
the U···U distance is controlled in the dimer by the bridging
chlorine atom. Thus, the stabilizing presence of the bridge
induces a steric constraint that destabilizes the TS (Figure 2a).
The intramolecular pathway leads to barriers around 35.0

and 40.0 kcal·mol−1. This result is in excellent agreement with
the experimental study, which showed that chloride ligands are
not as efficient initiator ligands for ring-opening polymerization
compared to uranyl aryloxide (vide infra). This is due to the
strong directionality of the chloride orbitals that has to be
enforced to point toward the empty σ* orbital on the PO,
which is along the C−O bond axis. Indeed, coordination to
only one metal center does not allow an easy process (Figure
2b) and is consistent with Baldwin’s rules for an endotrig-type
cyclization (while only being strictly valid for first-row
transition metals; Scheme 3). On the other hand, removing
the constraint by involving a second metal center clearly
improved the results. Indeed, when the activated PO is
coordinated to one uranium center and the chloride is
coordinated to another uranium center, this allows an optimal
orientation of its lone pair toward the empty C−O σ* orbital of
the PO due to the lack of constraint of the rigid structure of the
dimer. This leads to a substantial lowering of the activation
barrier (around 21.0−22.0 kcal·mol−1), indicating that this is
the kinetically favored pathway.
On this basis, only the geometry of the intramolecular TS

will be discussed in the following. At the TS (Figure 2c), the
ring is already opened (C−O distances of 2.0248 and 1.394 Å),
but neither the C−Cl nor the U−O bonds are already fully
formed (2.346 and 2.223 Å). The TS is thus strongly ionic in
character, as further substantiated by the natural bond order
analysis (APT charges: C, 1.1809; O, −1.4090). This is also in
line with the computed slight kinetic preference for the NA to
take place at the prochiral center (secondary carbon) than at
the primary carbon of the PO molecule (although the
difference is within the error bar of the method). This
preference was also reported experimentally, although some
regioirregular insertions were noted in the polymer. As
expected, attack at the prochiral center induces a better
stabilization of the carbocation at the TS, allowing a facile
attack of the chloride. From a thermodynamic point of view,
the reaction is predicted to be endergonic by 7.5 kcal·mol−1

Scheme 2. Three Pathways Computed for the First Ring-
Opening Step of PO Catalyzed by Uranyl Chloride

Figure 1. Enthalpy energy profile at 298.15 K for the first step of the
reaction of PO with [UO2Cl2(THF)3].
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because of the lack of stabilizing orbital interaction of the
formed ion pair [UO2Cl(THF)2]

+[UO2Cl2(OCH2CClHMe)-
(THF)]−. However, this ion pair can undergo an isomerization
process to form a weakly bonded dimer with a bridging chloride
concomitant with the loss of a second THF molecule. This is
reminiscent of a cation−cation interaction, with a desymmet-
rization of the UO bond lengths (UO = 1.75 and 1.83 Å)
and a U···O(U) distance of 2.387 Å. For cation−cation
interactions, the UO bond is typically elongated to ca. 1.82
Å.31 It is noteworthy that this isomerization was observed
during the course of the geometry optimization of the product
(from IRC) and no double-bridging chloride dimer was found
(it may exist but was not observed during this optimization).
The stabilization due to this isomerization is computed to be
11.9 kcal·mol−1, leading to an overall exergonic reaction.
These results show that coordination of the epoxide is not

significantly affected by the nature of the uranyl complex and is
not rate-determining, something that was inferred experimen-
tally and is consistent with 113Cd NMR studies of epoxide
coordination to [TpCd(OAc)] [Tp = hydrotris(3-phenyl-
pyrazol-1-yl)borate],32 [(ArO)2Cd(solv)2−3] (Ar = 2,6-
R2C6H3; R = Ph, tBu, Me; Solv = THF, THT, pyridine,
propylene carbonate),33 and the unsolvated [(ArO)2Cd]2.

34

The calculations also suggest that the rate-determining step is
the ring opening of the epoxide and is consistent with previous
reports involving other metal-based catalysts.25,26,35

The second insertion has been computed starting from this
weakly bonded dimer (Figure 3). For the sake of clarity, the
discussion will be limited to the propagation step (no
discussion about the chloride attack to lead to two equivalent
propagating complexes will be done because aryloxides are, in
general, better nucleophiles than chloride).
Coordination of the incoming second PO molecule occurs as

expected at the cationic uranium center, leading to the
disruption of the dimer. Thus, coordination is predicted to be
endergonic by 10.2−18.6 kcal·mol−1, which corresponds to the
stabilization energy of the dimeric form reported earlier in this

study. Coordination of the PO molecule is similar to that found
in the first insertion reaction. This can be explained by the fact
that the sterics (in particular, the bulkiness of the aryloxide
group) mainly control coordination of the small PO molecule.
In particular, the U−O distance is 2.340 Å and the C−O bond
lengths are 1.480 and 1.463 Å. The TS is similar to the one
found for the first insertion with an opened ring but with the
U−O and C−O bonds not yet fully formed (2.245 and 2.238
Å). The TS is thus still strongly ionic (charges: C, 1.1157; O,
−1.5277) explaining again the slight preference for the NA at
the prochiral center (secondary carbon). Again, the difference
of the barrier is within the error bar of the method, but this
result is in excellent agreement with experimental data. The
thermodynamics of the reaction is favorable in that case
because it leads to the formation of two neutral species
[UO2Cl(OCH2CHMe)2Cl(THF)] and [UO2Cl2(THF)],
which does not require dimerization. This step is thus exergonic
by 6.7 kcal·mol−1.
On the basis of these findings, we have explored the reaction

in more detail spectroscopically to confirm the dimeric nature
of the propagating species. 1H NMR spectroscopy proved to be

Figure 2. 3D representations of the three TSs computed for uranyl chloride: TS a is for a dimeric mechanism; TS b is for an intramolecular
mechanism; TS c is for an intermolecular mechanism.

Scheme 3. Schematic Representation of the Intra- and Intermolecular Pathways

Figure 3. Enthalpy energy profile at 298.15 K for the second step of
the reaction of PO with [UO2Cl2(THF)3].
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unhelpful because no specific resonances could be attributed to
any propagating species. We therefore turned to fluorescence
spectroscopy because this has proven to be a very sensitive
technique and is useful in the determination of uranyl
speciation in solution.36 Low-temperature (77 K) fluorescence
gives a spectrum dominated by “hot bands” that are slightly
shifted in relation to [UO2Cl2(THF)3] (Figure 4). This

indicates that the dominant species in solution is electronically
very similar to this, as predicted by the computations. The
lifetime is very short at 7 ns, which is indicative of significant
quenching, most likely due to exchange of THF and/or PO.
This spectroscopic evidence suggests that the propagating
species in solution is either monomeric or vibrationally isolated
dimers. The latter is predicted computationally, but the former
could be possible because the dimeric compound is weakly
bound (roughly 11.0 kcal·mol−1) and it could exchange with
THF.
To summarize the results of the computational and

experimental studies utilizing uranyl chloride as a catalyst,
Scheme 4 illustrates the first two insertions of PO. In our
original experimental report, we used J-resolved 1H NMR
spectroscopy to examine the microstructure of the polymer
formed from cyclohexene oxide, which gave strong evidence for
an intermolecular mechanism involving two uranyl moieties.
This has been confirmed as the most favorable for PO by the
computations and has been traced to orbital control in the ring-
opening TS. The mechanism for the uranyl aryloxide catalyst 2
has also been investigated theoretically and will be presented in
the following section.

Catalysis by Uranyl Aryloxide (2). Unlike the uranyl
chloride catalyst where a dimeric structure has been proven
experimentally, only the pathways involving an inter- or
intramolecular ring opening have been computed for the
uranyl aryloxide catalyst 2 (Figure 5). The reaction begins by
THF/PO exchange, which is computed to be accessible
(between 1.0 and 7.0 kcal·mol−1) and in line with the
experimentally derived kinetic data. The main features of the

Figure 4. Emission spectrum of the reaction of [UO2Cl2(THF)3] (a)
and [UO2Cl2(THF)3] + 10 equiv of PO (b) in THF at 77 K (λex = 350
nm).

Scheme 4. Computed Mechanism of the Ring-Opening Polymerization of PO Catalyzed by [UO2Cl2(THF)3]
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PO coordination are similar to those reported for the chloride
catalysts, and so these will not be discussed further. From this
adduct, the NA TS is reached, and a clear difference between
the considered pathways is observed. Indeed, the intermolec-
ular pathway is found to be far less accessible than the
intramolecular pathway. This is mainly ascribed to the steric
effect due to the tBu substituents on aryloxide that partially
block the possible approach of a second uranyl aryloxide
molecule. However, unlike the chloride, the bending of the aryl
group allows a lone pair to point toward the empty orbital of
the activated PO. The ring is almost already opened at the TS,
where the carbocationic center now has a p orbital at an
accessible geometry. Coupled to this, the U−O−C(ipso) angle
is 167° (compared to 180° in the reactant). Thus, due to these
two effects, the first insertion will occur through an intra-
molecular route. This is the known pathway for the ring-
opening polymerization of ε-caprolactone, but there are little
data on the initiation step for epoxide ring openings.
Spectroscopic data on our system and other literature reports
show that the propagation step is intermolecular.
As was already found for the chloride catalyst, the TS is

highly ionic (C, 0.2989; O, −1.1091), explaining the kinetic
preference for the attack at the prochiral center (Figure 5). It is
noteworthy that the difference is clearly marked (difference of
8.3 kcal·mol−1). When the activation barriers for the reactions
catalyzed by 1 and 2 are compared, it is interesting to note that,
although aryloxide is better able to donate it is electrons than
chloride, its bulkiness induces an important steric repulsion that
makes the aryloxide catalyst less efficient than the chloride
catalyst for this first step. From a thermodynamic point of view,
the reaction is exergonic. Interestingly, the product arising from
the NA at the CH2 center is found to be more stable than the
CH, which is the kinetic product. This can account for the
experimental observation of misinsertion in the polymer chain.
Thus, in the second insertion, we have thus considered both the
kinetic and thermodynamic products. In all cases, the four
pathways considered in the first step were computed, leading to
eight different pathways (Figure 6).
As for the chloride catalyst, only the propagation step has

been considered here. Moreover, as was already stated earlier in
this study, the reaction profile is very similar to that reported
previously. The major difference is that the PO coordination is
calculated to be an exergonic process by roughly 10.0
kcal·mol−1. For this second insertion, the intramolecular
pathway is found to be kinetically less favorable than the

intermolecular pathway by 11.0−15.0 kcal·mol−1. This can be
attributed once again to steric effects. Indeed, the steric
hindrance at the uranium center in the intramolecular pathway
makes the second insertion less favorable than the first one.
Thus, the intermolecular route becomes competitive and even
more favorable than the intramolecular route. As in all
previously described cases, the TS is strongly ionic, in line
with the fact that the NA at the prochiral center is more
favorable than that at the other carbon. Interestingly, starting
from both products of the first insertion, this attack is the most
favorable one. From the kinetic point of view, the reaction is
found to be exergonic and is leading to the formation of an ion
pair. However, unlike the chloride catalyst, the aryloxide ligand
has a lower ability to adopt a bridging position. Moreover, the
ion pair is found to be much less stable than the “neutral”
intermolecular pair by roughly 15.0 kcal·mol−1, so that a rapid
isomerization may occur. Thus, the propagation is also
predicted to be intermolecular, as was already found for the
chloride catalysts (Scheme 5).
On the basis of this theoretical finding, an experimental proof

was looked for. Indeed, that the propagating species is dimeric
is not unsurprising because steric bulk is the dominating factor
in the degree of association of uranium coordination
compounds. In particular, ligand redistribution reactions to
form [U(OR)6] or aggregation into dimers, trimers, or
tetramers can occur upon small changes to the ligand
architecture.37 In order to experimentally confirm that the
propagating species is dimeric, we have used diffusion NMR
spectroscopy because this is a straightforward method for
determining the size of molecules in solution via calculation of
the hydrodynamic radius, rH, which has a reasonable correlation
with the radii from crystallography.38 The results of a diffusion
NMR study of 2 and 2 + 10 equiv of PO in MeCN-d3 are
shown in Table 1. The results show that there is no significant
change in the size of the molecules in solution, so as in the case
for uranyl chloride, the major species in solution is monomeric.
In summary, we have elucidated the mechanism of the

uranyl-catalyzed ring-opening polymerization of epoxides via a
comprehensive computational study. In the case of the uranyl
chloride catalyst, the initiation and propagation steps proceed
via an intermolecular pathway, and this is driven by the inability
of the lone pair on the chloride nucleophile to attack a PO
molecule coordinated to the same metal center. Thus, the

Figure 5. Enthalpy energy profile at 298.15 K for the first reaction of
PO with the aryloxide catalyst.

Figure 6. Enthalpy energy profile at 298.15 K for the second reaction
of PO with the aryloxide catalyst.
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initiation step is orbital-controlled. In contrast, the greater steric
requirements of the bulkier aryloxide force the initiation step to
be intramolecular, but propagation goes via an intermolecular
pathway. This computational study explains a number of the
experimental features. The computations on the mechanism are

some of the largest carried out for any uranium-based study in
the literature and suggest that, despite the inherent difficulties
in actinide computational chemistry, DFT is a powerful
technique for studying catalysis featuring uranium atoms.
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2 + 10 equiv of PO 1.76 ± 0.09 5.43
aDeduced from the X-ray structure by considering the volume of the
crystallographic cell divided by the number of molecules in the
asymmetric unit.
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