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ABSTRACT: The uranyl aryloxide [UO,(OAr),(THF),]

CgH,) is an active catalyst for the ring-opening cyclo-oligomerization of -
caprolactone and d-valerolactone but not for B-butyrolactone, y-butyrolactone,
and rac-lactide. "H EXSY measurements give the thermodynamic parameters ]
for exchange of monomer and coordinated THF, and rates of polymerization .
have been determined. A comprehensive theoretical examination of the _ .
mechanism is discussed. From both experiment and theory, the initiation step is - [
intramolecular and in keeping with the accepted mechanism, while computa-
tional studies indicate that propagation can go via an intermolecular pathway,
which is the first time this has been observed. The lack of polymerization for
the inactive monomers has been investigated theoretically and C—H:-x ¢
interactions stabilize the coordination of the less rigid monomers.

B INTRODUCTION

The coordination and organometallic chemistry of uranium has
undergone a renaissance of interest over the past few years and
great advances have been reported for U(III) compounds,
where results in small molecule activation is nothing short of
outstanding." New reactivity patterns are being uncovered that
have no parallel with d-block or lanthanide metal compounds.
In contrast, the chemistry of the uranyl ion has not been
explored to such an extent, but a study of the nonaqueous
chemistry of [UO,]** have produced results that challenge our
ideas of structure and bonding in this ion.> Recent highlights
include the isolation of a uranyl* and uranium(VI) carbene,’
reduction to uranyl(V)® and the synthesis of SMM
incorporating a [UO,]* moiety,” supramolecular uranyl
peroxides that show distinct topologies® and the use of uranyl
compounds in the catalysis of monomers that contain oxygen.”
We have reported on the latter, where uranyl aryloxide
[UO,(OAr),(THE),] (1; Ar 2,6-Bu,-C¢H,) or uranyl
chloride [UO,CL(THF),] can act as an effective catalyst for
the ring-opening polymerization of epoxides. This is unusual in
that the commonly held belief was that oxygen-containing
monomers were incompatible with oxophilic actinide ions. Lin
and Marks’ early study demonstrated a marked decrease in rate
of hydrogenolysis of the metal bound alkyl group in
[Cp*,Th(R)(OR)] relative to that in [Cp*,ThR,],'* and this
myth has only recently been challenged by Eisen and co-
workers."! We have carried out a comprehensive computational
study on this reaction and concluded that for uranyl chloride an
intermolecular mechanism for initiation and propagation was
favored and that coordination of the monomer to the uranyl
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ion also polarized the C—O bonds.'* However, due to the
increase in steric bulk in the uranyl aryloxide, the mechanism
was intramolecular in initiation and intermolecular in
propagation, that is, the monomer is coordinated to one
metal and a second metal delivers the nucleophile during
propagation (Scheme 1).

Scheme 1. Inter and Intramolecular Ring-Opening Pathways
for the Ring-Opening Polymerization of Cyclic Lactones
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We therefore reasoned that the uranyl ion may engender
different reactivity toward the ring-opening polymerization of
lactones whereby the accepted mechanism for a coordination—
insertion l'yg)e is exclusively cis-migratory insertion (intra-
molecular).”> There are a number of examples where homo-
and heterobimetallic compounds act as precatalysts but these
proceed via the cis-migratory insertion mechanism by way of
dissociation of a ligand to form mononuclear species,1 or
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where the two metals propagate independently.'® There are no
examples where the uranyl ion has been utilized in this
polymerization, but the use of uranium(IV) compounds has
been reported'' which allows us to contrast the different
oxidation states, and to compare with lanthanide aryloxides that
are also known to be very active. It is worth emphasizing that
we are not trying to design new, or more efficient, catalysts for
this known polymerization reaction per se; rather, we are
expanding upon our initial efforts to control the coordination
geometry by the directing ability of the O=U=O0 fragment as
the participation of Sf-orbitals in bonding enforces a trans-
geometry 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. Therefore a catalytically competent
geometry is an inherent property of the uranyl moiety, and is
trivial to prepare, in stark contrast to transition metal catalysis
where this geometry is enforced via ligand design. A strong U—
O bond"® 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. In this contribution, we explore the utility of 1 in
the ring-opening polymerization of cyclic lactones (Figure 1).

g-caprolactone

B-butyrolactone  y-butyrolactone  s-valerolactone rac-lactide

Figure 1. Monomers utilized in this study.

This allows us an ideal opportunity to systematically explore
the steric constraints of the monomer and the electronics,
specifically the ring strain as this varies with lactone ring size.

Despite the technical challenges of studying actinide
compounds where relativistic and correlation effects are
important to explicitly consider, there are a large number of
computational studies on actinide metal containing com-

pounds.'” One of us has published extensively on a computa-
tional study of the ring-opening polymerization of lactones with
lanthanide compounds," and herein we use computational
chemistry to fully explore the mechanism of the ring-opening
polymerization of d-valerolactone and e-caprolactone catalyzed
by 1. It is noteworthy that these calculations represent some of
the largest to date especially considering that for mechanistic
studies where we have located all transition states.

B RESULTS AND DISCUSSION

Upon addition of e-caprolactone to a solution of the uranyl
aryloxide catalyst 1, a color change to yellow was observed and
a polymer precipitated out of solution over a period of time.
The polymer was isolated and characterized by GPC, NMR
spectroscopy and MALDI-ToF mass spectrometry. Figure 2
shows the % conversion of caprolactone with 1 mol % of
catalyst and Table 1 collates the polymer characteristics for
polymers obtained from 1 and, for comparison, selected f-block
metal catalysts. The lanthanides are known to be superb
catalysts for the ring-opening polymerization of e-caprolactone,
with high molecular weights and well controlled polydisper-
sities obtained under mild conditions. While [Cp*,UMe,]
shows excellent conversion to form high molecular weight
polymers,''® thorium 2-pyridylamidinates cyclo-oligomerize e-
caprolactone;''* similar uranium(III) amidinate compounds
have been reported to be substantially less active compared to
analogous lanthanide comlpounds due to rapid oxidation to
U(IV) by the monomer.” 1 forms low molecular weight
oligomers, which have a narrow polydispersity indicating well
controlled oligomerization but a plot of % conversion vs. M,
does not give a straight line so this is not living. 'H and
BC{'H} NMR spectroscopy and mass spectrometry (Figures
S1 and S2, Supporting Information) shows no evidence of the
expected end groups. This suggests that cyclo-oligomers are
formed and we tentatively ascribe this to a backbiting
termination step after a low number of insertions into the
growing chain. The suggested mechanism for [Cp*,UMe,] or
[U(NEt,),]5[BPh,] is thought to be via a cationic mechanism
with an observable end group in the polymer.
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Figure 2. Ring-opening polymerization of &-caprolactone and §-valerolactone using 1 (25 °C in toluene).
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Table 1. Polymerization

catalyst temp (°C) time (h)
1 25 24
1 100 8
[Cp*,UMe,] 25 24
[Cp*,UMe,] 110 025
[U(NE,),][BPh,]” 25 025
[(NCN),ThCl,]* 90 1
[(ArO),Sm(THF),]¢ 25 0.03
[Cp*,SmOEt(Et,0)] 0 10

of e-Caprolactone (1:600 Catalyst Loading in Toluene)

% conversion M,* (gmol™) PDi ref.
80 1500 1.20 this
74 1016 1.30 work
61 30000 1.09 11b
99 50000 1.49 11b
100 57000 1.24 11b
535 1.02 11a
1300 1.05
100 153 000 143 20
92 108 000 1.09 21

“Mark—Houwink correction applied.* “In THF. °NCN = 2-pridylamidinate. 91:500 loading.

Further experiments were carried out to probe the
polymerization, and these results are shown in Table 2. The

Table 2. Polymerization of £-Caprolactone (1:600 Catalyst
Loading in Toluene)

catalyst  time  tem %
run solvent loading (h) (°Cc conversion M, PDi
1 Toluene 1:600 S 25 86 1603 1.14
2 Toluene 1:300 S 25 48 1266 1.16
3 Toluene 1:100 S 25 79 1357 1.30
4 Toluene 1:100 0.5 100 SS 1003 1.40
S Toluene 1:100 S 100 76 1647 1.48
6 Toluene 1:100 24 100 89 2109 1.78
7 Toluene 1:300 24 25 80 1380 1.27
8 THF 1:300 24 25 48 2691 1.46
9 THF 1:600 S 70 47 2190 1.67
10 THF 1:300 S 70 49 1806 1.46
11 THF 1:100 S 70 48 1759 1.44
12 THF 1:600 S 25 44 2113 1.56
13 THF 1:300 S 25 43 2456 1.67
14 THF 1:100 S 25 45 2216 1.64

“Mark—Houwink correction applied.22

molecular weights of the polymers are not dependent upon the
catalyst loading as shown from runs 1-3 and 9—14. The
molecular weight increases with time, but the molecular weight
distribution also increases, presumably due to trans-esterifica-
tion (runs 4—6). The solvent has an effect on the polymer-
ization as in THF the polymers have higher molecular weights
but also broader molecular weight distributions (runs 7—8);
however, temperature does not have any obvious effect on the
polymer characteristics. Also worthy of note is that in THF we
have not observed conversion over 50%.

We have also examined the reactivity of 1 toward the ring-
opening of other lactones (Figure 1), as the ring strain has been
quantified for these.”® B-Butyrolactone, &-valerolactone and rac-
lactide all contain strained rings and all have been polymerized
by transition metal, lanthanide or main group metal
compounds, although p-butyrolactone has been reported to
be a significantly less reactive monomer,”* and will allow us to
benchmark the effectiveness of 1 compared to literature
examples. y-Butyrolactone does not have intrinsic ring strain
and is not ring opened by metal-based catalysts.*> Accordingly,
the reactivity of 1 with these monomers was explored. We
observe no polymerization of S-butyrolactone, which suggests
our catalysts are not effective enough for the least reactive
monomer in our survey. No polymerization was observed with
y-butyrolactone and in line with expectations.

9079

Unexpectedly, rac-lactide did not polymerize, even under
extended reflux in THF. This is in contrast to U(IV)
metallocenes''® and the diamido-ether actinide species
[(NON)AnX,] (NON = {(‘BuNSiMe,),0}>7; An = Th, U,
X = CH,SiMe;, O'Bu, O'Pr)* that polymerize this monomer to
a high molecular weight polymer. é-valerolactone did produce a
polymer (M, = 4689, PDi = 1.161), that did not have an end
group by NMR or mass spectrometry. The percentage
conversion is lower than for &-caprolactone (Figure 2), as
expected due to the lower ring strain, but the higher molecular
weight suggests that larger cyclo-oligomers are formed with this
monomer. This implies that the rate of termination is faster for
e-caprolactone than J-valerolactone. It is interesting to note
that the percentage conversion does not exceed 50%, and we
are unsure why this is the case and further work is in progress.
To the best of our knowledge, this is the first example of an
actinide metal complex that ring opens this monomer, although
lanthanide compounds are known with much higher molecular
weights and faster polymerization kinetics.”” The initial rates of
polymerization of the lactones and epoxides are shown in Table
3. The greater rate for ring-opening of cyclohexene oxide is
probably due to the release of the ring strain associated with the
6- and 3-membered rings.

Table 3. Initial Rates of Polymerization for Various
Monomers Catalyzed by 1

monomer Kops (X 107 min~")
propylene oxide” 1.298 + 0.357
cyclohexene oxide® 2.708 + 0.573
S-valerolactone 1.201 + 0.195
e-caprolactone 1.074 + 0.102

“From ref 9.

One reason for the lack of polymerization of rac-lactide may
be due to the steric bulk of the monomer preventing
coordination to the uranyl center. We have previously used
"H EXSY spectroscopy to monitor monomer coordination and
to determine the kinetic and thermodynamic parameters for the
exchange of monomer and coordinated THF.” When the
addition of rac-lactide to the catalyst is examined, no exchange
is observed confirming our steric argument. All other
monomers do exchange with THF and a representative
example of a 'H EXSY spectrum is shown in Figure 3. As
with our previous studies on epoxide polymerization, we have
been unable to isolate coordination compounds with the
monomer as oligomerization is observed to occur. By
measuring the "H EXSY spectrum at different temperatures,
the kinetic and thermodynamic parameters for the exchange
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Figure 3. 'H EXSY spectrum of 1 and <10 equiv of 5-valerolactone in C¢Dy at 600 MHz (T = 296 K, t,, = 1 s).
Table 4. Kinetic and Thermodynamic Data for Exchange of Monomer and Coordinated THF in 1
monomer k (s™' at 296 K) E, (k] mol™) AH (kJ mol™) AS (J K! mol™)
propylene oxide 0.028 + 0.002 —1.04 + 0.03 0.71 £ 0.03 —235.06 £ 7
P-butyrolactone 0.031 + 0.002 52.75 + 19.5 —55.07 + 19.4 —462.5 + 133
y-butyrolactone 0.022 + 0.002 50.77 £ 7.2 —53.27 + 1.6 —458.51 = 173
d-valerolactone 0.030 + 0.003 —2147 + 8.8 16.81 + 5.2 —223.56 + 90
e-caprolactone 0.012 + 0.002 —1949 + 5.4 31.77 + 8.8 —167.11 + 96

process can be obtained;*® Table 4 collates these parameters for
the monomers in our study. The rates of exchange of monomer
with coordinated THF are all similar, with the exception of &-
caprolactone. The thermodynamic parameters for those
monomers that do polymerize are rather similar, and a negative
entropy is indicative of an associative transition state. It is
interesting to note that those that do not polymerize are
thermodynamically distinct from those that do, and this is
explored theoretically (vide infra). These results show that the
rate determining step is not coordination of the monomer, but
this is essential for polymerization to occur. It is also of note
that the reaction of uranyl nitrate with either d-valerolactone or
e-caprolactone affords stable 2:1 adducts, and the structure of
[{UO,(n*NO;)(5"-caprolactone) },(u,-O,)] is determined.”
The nitrate jon is presumably insufficiently nucleophilic to
initiate the ring-opening polymerization reaction.

As we observe cyclo-oligomers with no end group for both
polymers, we can rule out a cationic mechanism as postulated
for [Cp*,UMe,], and favor a coordination—insertion mecha-
nism as postulated for [(NCN),ThCl,] and for the ring-
opening polymerization of propylene oxide. In order to explain
the cyclic oligomers we postulate that intramolecular trans-
esterification regenerates the U-OAr fragment to eventually
deactivate, but not decompose, the catalyst. Support for this
comes from the experiment where 100 equivalents of e-
caprolactone was added to a solution of 1 and stirred for 24 h.
An aliquot was removed, quenched with MeOH and the
molecular weight determined. A further 100 equivalents of &-
caprolactone was added to the catalyst solution and stirred for
24 h before quenching. NMR analysis showed little monomer
remaining, while the M, stayed approximately the same.
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Further evidence comes from an examination of the polymer
quenched using CD;0D, and no signals were observed in the
*H NMR spectrum.

We have carried out a kinetic analysis of the reaction and by
standard techniques (Figure SS, Supporting Information) we
have determined that the rate equation is first order in both
monomer and catalyst. We postulate that the rate determining
step is the nucleophilic attack of the electrophile upon the
coordinated monomer in the initiation step as this has the
greater steric bulk; in an intramolecular mechanism, the
propagating step would be expected to release this steric
pressure and hence of lower energy compared to the initiation.
In order to comment upon the nature of the propagation
(specifically inter- or intramolecular), we have used DOSY
NMR spectroscopy, which gives the size of the molecules in
solution.”® The hydrodynamic radius of the catalyst is 4.82 A,
which is in good agreement to that calculated from the X-ray
structure (6.2 A). Upon addition of S equivalents of -
caprolactone this increases to 9.80 A, which may suggest that
the dominant species in solution is dimeric; the oligomers
formed from e-caprolactone have a larger hydrodynamic radius
(Figure S6, Supporting Information).

To summarize the experimental findings, we have shown for
the first time that uranyl aryloxides can ring open monomers
with ring strain to form low molecular weight cyclo-oligomers.
The kinetic data suggest that for the initiation step the
mechanism is intramolecular (cis-migratory insertion), but
DOSY NMR data tentatively suggest that an intermolecular
propagation step may be in operation, consistent with the
results from the ring-opening of epoxides. Therefore we have
initiated a thorough computational examination of the
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mechanism to gain further insight and confirm our
experimentally postulated mechanism. First, the lack of
polymerization of - and y-butyrolactone has been investigated
theoretically. In both cases, the enthalpy for the displacement of
a THF molecule by the monomer is found endothermic by 5.2
and 4.9 kcal.mol™ respectively, in good agreement with the
experimental observation. Although the coordination is ensured
by the carbonyl oxygen in all cases, the greater rigidity of the
ring for the 4 and 5 member rings reduces the favorable C—
H---7 interaction, that can be observed for the 6 and 7 member
rings (Figure S7, Supporting Information). Thus, the
coordination of the monomer is already difficult and it may
explain the lack of reactivity of these monomers. The reaction
mechanism for the two other monomers, namely &-
valerolactone and e-caprolactone, will be investigated in detail.
On the basis of our recent mechanistic study on the epoxide
polymerization catalyzed by uranyl-aryloxide complexes,'” the
initiation step with the bulky (with respect to the propylene
oxide monomer, PO) &-valerolactone and &-caprolactone
monomers was only computed considering an intramolecular
pathway (Figure 4). On the other hand, as the intermolecular
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Figure 4. Computed reaction profile for the first insertion of J-
valerolactone.

pathway was found to be more favorable in the PO
polymerization, both inter- and intramolecular routes were
investigated in the propagation step (second insertion). The
mechanism computed is “classical” of the ROP of cyclic
lactones, involving a nucleophilic attack by the aryloxide leading
to the formation of tetrahedral intermediate followed by the
ring-opening. As it has already been studied theoretically by our
group,'®” it will not be commented on in detail and only the
main energetic features will be discussed. A schematic
representation of the stationary points is given in Scheme 2.
The reaction begins by the displacement of one THF
molecule by a d-valerolactone. This is predicted to be almost
thermoneutral (+1.2 kcalmol™) in fair agreement with the
experimental observation. Then, the system reaches the
Nucleophilic Attack Transition state (NA TS), with an
activation barrier of 31.3 kcalmol™" indicating a kinetically
accessible, although quite energy demanding process. This
barrier is mainly due to the intrinsic stability of the six-
membered ring, making it hard to react with any nucleophile.
This leads to the formation of a transient tetrahedral
intermediate (at the carbon of the former ketone), which is
highly unstable, and thus undergoes a ring-opening. The barrier
for this ring-opening is very low (0.3 kcalmol™') from the
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Scheme 2. Schematic Representation of the Initiation Step of
the 6-Valerolactone ROP Catalyzed by a Monomeric Uranyl
Complex”
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intermediate, so that one can consider that it is a spontaneous
process after the nucleophilic attack. The latter is thus the rate
determining step of this first insertion.

To gain further insights on the reaction mechanism, the
propagation step (second insertion) was computed (Figure S).
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Reaction intermediates

Figure 5. Computed reaction profile for the second insertion of -
valerolactone.

The reaction mechanism for this second insertion is very similar
to the one of the first insertion and the discussion will focus
more on the difference between the intra- (Scheme 2) and
intermolecular pathways (Scheme 3).

The intermolecular pathway is found to be favored
thermodynamically and kinetically over the intramolecular
one. This is somewhat similar to that reported in the case of PO
polymerization. The main difference already occurs upon the
coordination of the monomer to the metal center. Due to steric
effects, the classical coordination of the d-valerolactone cis to
the alkoxide is disfavored making the intramolecular reaction
pathway, which is to date the only one reported in the literature
for cyclic lactone ROP, less favorable than the intermolecular
one. Indeed, for the latter, the coordination to a second
uranium center is even found to be exothermic by 5.1 keal
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Scheme 3. Schematic Representation of the Second Step of the §-Valerolactone ROP Catalyzed by a Dimeric Uranyl Complex”
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mol™’; a coordination energy in excellent agreement with the
experimental observation (3.9 kcal mol™"). Then, the NA TS is
reached (Figure 6), with a lower activation barrier for the
intermolecular pathway (24.6 vs 27.7 kcalmol™). It is
noteworthy that the second insertion is less energetically

demanding than the first one, even when two uranyl complexes
are involved. This is attributed to less steric hindrance around
the metal center because the alkoxide exhibits a longer chain for
second insertion than for the first one (aryloxide) pushing the
aryl groups far from the uranium centers, and validating our
experimental postulate. The NA TS also connects the
tetrahedral intermediate (again at the carbon of the ketone),
which is also found to be relatively unstable in both pathways.
However, a stronger stabilization is found in the intramolecular

Figure 6. Geometry of the intermolecular nucleophilic attack TS. The
green atoms are directly involved in the TS and the THF molecules
have been omitted for clarity.
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pathway than in the intermolecular one (roughly 10.0 kcal
mol™" difference in stability). This increases the barrier for the
ring-opening for the intramolecular pathway (12.5 kcal mol™!),
whereas the barrier is very low for the intermolecular one
(roughly 3.0 kcal mol ™), making the later more favorable. The
origin of this enhanced stability is not known at this stage. The
reaction energy is also more favorable when two metal centers
are involved than with a single uranium catalyst. This is due to
the formation of a very stable alkoxide dimer in the former case.
This complex can be viewed as the resting state of the
polymerization, and confirms our DOSY spectra. To
summarize, the computed most favorable reaction pathway
involves two uranium centers in an intermolecular reaction
mechanism. To the best of our knowledge, such a mechanism
has never been reported or even studied in the case of lactone
ROP. However, due to the precision of the method, it is
possible that both intra- and intermolecular pathways are
operative.

In order to generalize this finding, the reaction of the uranyl
catalyst with the popular e-caprolactone has been studied. The
reaction mechanism is very similar to the one computed for the
O-valerolactone, so that only the energetic features will be
discussed.

The first insertion was also investigated only for the
intramolecular pathway (Figure 7, Scheme S1, Supporting
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= 25t |
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Reaction intermediates

Figure 7. Computed reaction profile for the first insertion of e-
caprolactone.

Information). As expected and in agreement with the better
polymerization ability of the e-caprolactone, the barriers are
lower for e-caprolactone than the §-valerolactone by roughly
40 kcalmol™!. As for the &-valerolactone case, both the
intermolecular and the intramolecular pathway were inves-
tigated. Due to the size of the calculation, it has not been
possible to fully characterize the ring-opening transition state
for the intramolecular pathway (the frequency calculations
failed even on supercomputer center) but it is expected to lead
to a similar result as the d-valerolactone, which is the lowest in
energy (Figure 8, Scheme S2, Supporting Information).
Interestingly, the coordination of e-caprolactone with displace-
ment of THF is found to be exothermic by 2.1 kcal mol™’,
indicating a favorable process, and in line with the experimental
observation. As already found in the first insertion, the barriers
are lower for e-caprolactone than for d-valerolactone but now
by roughly 10.0 kcalmol™ (in the case of the monomer).
Similarly to that calculated for J-valerolactone, the intermo-
lecular barriers are lower than the intramolecular ones, by
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Figure 8. Computed reaction profile for the second insertion of &-
caprolactone.

roughly 4.0 kcal mol™'. Thus, the intramolecular mechanism
seems to be the favored pathway also in the case of the &-
caprolactone monomer.

On the basis of our spectroscopic and theoretical studies, we
can propose a mechanism for the ring-opening polymerization
of cyclic lactones by the uranyl aryloxide catalyst (Scheme 4).
Initiation is an intramolecular process, which is the rate-
determining step due to the steric constraints of the aryloxide
ligand, but propagation may involve both intra- and inter-
molecular pathways, with a binuclear resting state, that has been
observed by DOSY NMR studies. We cannot calculate the
hydrodynamic radius for the proposed resting state to compare
with the DOSY experimental spectra, however the resting state
for the corresponding &-valerolactone structure, a calculated
hydrodynamic radius of ca. 10 A is similar to that found in the
DOSY spectra. The intermolecular mechanism is quite unique,
as to date only the ROP of epoxides invokes two metal centers,
but this seems to be more general especially when bulky
aryloxide ligands are involved. Also of note is that the change in
enthalpy for the ring opened monomer compared to the
catalyst is small, validating the initial postulate that uranyl ions
can react with and turn over oxygen containing monomers
providing a U—O bond is present in the catalyst.

H CONCLUSION

In summary, based on our spectroscopic and theoretical
investigations, we have proposed a mechanism of the ring-
opening polymerization of lactones using a uranyl aryloxide. 1
has been shown to be an active catalyst in the ring-opening
cyclo-oligomerization of e-caprolactone and d-valerolactone to
form cyclo-oligomers. Interestingly, we see no evidence of the
ring-opening of THF in any of our catalytic reactions; this
reactivity has been noted in lower oxidation state uranium
chemistry.>" The intermolecular (involving two uranyl catalysts,
Scheme 4) reaction mechanism, based on our theoretical study,
is proposed to be the most favorable but the intramolecular one
may also operate at the same time. The energetic stability of the
bimetallic alkoxide product, formed in the intermolecular
mechanism, allows us to propose this complex to be the resting
state of the polymerization rather than its monomeric analog.
To the best of our knowledge, such a reaction mechanism has
never been reported for the polymerization of lactones
although is common for other monomers such as epoxides.

dx.doi.org/10.1021/ic401275e | Inorg. Chem. 2013, 52, 9077—9086



Inorganic Chemistry

Scheme 4. Postulated Mechanism for Ring-opening Polymerization of e-Caprolactone from Experimental and Computational
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Thus, a number of mechanism studies of lactone ROP may
have to be reinvestigated to consider intermolecular pathways.

B EXPERIMENTAL SECTION

All manipulations were carried out using standard Schlenk and
glovebox techniques under an atmosphere of high purity argon.
Spectroscopic grade THF was distilled over potassium. '"H NMR
spectra were recorded on a Bruker AV400 spectrometer operating at
400.13 MHz and was referenced to the residual 'H resonances of the
solvent used. EXSY spectra were recorded using Bruker’s NOESY
pulse sequence; a number of mixing times were examined and 1 s was
deemed optimal for all experiments. Kinetic data were extracted using
the methodology described in ref 28 and are the average of three
determinations. Details of the diffusion NMR can be found in the
Supporting Information. Mass spectra were measured on a MALDI
QTOF Premier MS system. GPC data was recorded on a Varian
ProStar with a 350 RI detector using a PLgel 5 ym MIXED-D column
and calibrated with EasiCal polystyrene standards; a Mark—Houwink
correction was applied to the data.?’ The complex
[UO,(OAr),(THF),]** was prepared by the literature procedure
and all other reagents were obtained from commercial sources, dried
over CaH, and distilled under Ar before use.

Polymerization Experiments. In a typical reaction, 1 was
dissolved in PhMe or THF (10 cm®) and placed in an oil bath set
to the required temperature. After equilibrating for 1S min the
monomer was added via syringe and the reaction vigorously stirred.
After completion, MeOH/HCI (90:10) was added to quench the
reaction and the polymer obtained as a solid or oil. This was washed
with MeOH and dried under vacuum.

Determination of % conversion. During the course of the reaction,
aliquots (ca. 1 cm?) of the reaction mixture were removed, treated with
one drop of MeOH and the 'H NMR spectra were recorded. %
conversion calculated from the relative integrals of the monomer (e-
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caprolactone: &y = 4.13 ppm; S-valerolactone: Sy = 4.20 ppm) and
polymer (&-caprolactone: &y = 3.68 ppm; S-valerolactone: &y = 4.37

ppm).

B 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
(PES) we studied using the GAUSSIANO9 program suite.*’ The
equilibrium and transition structures were fully optimized at the
Becke’s 3-parameter hybrid functional®* combined with the nonlocal
correlation functional provided by Perdew/Wang®>® RECP (aug-
mented by a f polarization function, @ = 1.0) adapted to the oxidation
state +VI was used for the reactions.>® The correctness of the latter is
well documented in previous publications from our group.®” For the
rest of nonmetal atoms the 6-31G(d,p) basis set was used.*® In all
computations, no constrains were imposed on the geometry. Full
geometry optimization was performed for each structure using
Schlegel’s analytical gradient method® and the attainment of the
energy minimum was verified by calculating the vibrational frequencies
that result in absence of imaginary eigenvalues. All stationary points
have been identified for minimum (number of imaginary frequencies
Nimag = 0) or transition states (Nimag = 1). The vibrational modes
and the corresponding frequencies are based on a harmonic force field.
This was achieved with the SCF convergence on the density matrix of
at least 107 and the rms force less than 107 au. All bond lengths and
bond angles were optimized to better than 0.001 A and 0.1°,
respectively. Gibbs free energies were obtained at T = 298.15 K within
the harmonic approximation. Intrinsic Reaction Paths (IRPs)* were
traced from the various transition structures to ensure that no further
intermediates exist.
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