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A DFT Study of the Mechanism of Polymerization of e-Caprolactone
Initiated by Organolanthanide Borohydride Complexes

Noémi Barros,®! Philip Mountford,*'! Sophie M. Guillaume,*™ and Laurent Maron*'*

Abstract: The mechanisms of polymeri-
zation of e-caprolactone (CL) initiated
by either the rare-earth hydride
[Cp.Eu(H)] or the borohydrides
[Cp.Eu(BH,)] or [(N,NN)Eu(BH,)]
were studied at the DFT level (Cp=n’-
CHs;  N,NN'=(2-CsH,N)CH,(CH,-
CH,NMe),). For all compounds the re-

hydride complexes, because for the
latter the ring-opening is induced by an
additional B—H bond cleavage leading
to a terminal —CH,OBH, group. This
corresponds to the reduction by BH; of
the carbonyl group of CL. Upon reac-
tion of [Cp,Eu(H)] with CL, the
alkoxy—aldehyde complex produced,

[Cp,Eu{O(CH,);C(O)H}], is the first-
formed initiating species. In contrast,
for the reaction of CL with the borohy-
dride complexes [(L,)Eu(BH,)] (L,=
Cp, or N,NN’), an aliphatic alkoxide
with a terminal —CH,OBH, group,
[(L)Eu{O(CH,);OBH,}] is formed and
subsequently propagates the polymeri-

action proceeds in two steps: a hydride
transfer from the rare earth initiator to
the carbonyl carbon of the lactone, fol-
lowed by ring-opening of the mono-
mer. In the last step a difference is ob-
served between the hydride and boro-

Introduction

To compensate for the depletion of fossil feed stocks, and to
help address global environmental concerns, increasing at-
tention is being paid to polymeric materials synthesized
from monomers derived from biomass. In these contexts,
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zation. The present DFT investigations
are fully compatible with previously re-
ported mechanistic studies of experi-
mental systems.

the emergence of a wide variety of aliphatic synthetic poly-
esters prepared through the ring-opening polymerization
(ROP) of heterocyclic monomers obtained from renewable
resources such as lactone, lactide, or glycolide, is particularly
important.'! Indeed, the development and understanding of
controlled “living” polymerization processes leading to bio-
degradable polymers has become an urgent necessity. Syn-
thetic polyesters are versatile polymers exhibiting good me-
chanical properties, hydrolyzability, biocompatibility, and
eventually biodegradability, which makes them leading can-
didates for, in particular, biomedical applications (e.g.,
tissue repair and regeneration, controlled and sustained
drug- or gene-delivery vehicles) and recyclable plastics sub-
stitutes (e.g., packaging).!"?

Of the various ROP processes, such as anionic, cationic,
organocatalytic and coordination-insertion, the latter has
gained increasing attention, especially when Group 3 initia-
tors, which are less toxic than those involving, for instance,
tin or aluminum derivatives, are involved.'*#%34 Considera-
ble efforts are being made to prepare highly sophisticated
initiating systems capable of achieving high activity, produc-
tivity and stereoselectivity with limited side reactions, in a
controlled and “living” process. Within the framework of
both traditional metallocene as well as the new generations
of “post-metallocene” environments, several types of rare
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earth complexes have been evaluated. Until recently (see
below) these have involved mostly hydride-, alkyl-, alkox-
ide- or amide-initiating groups or “active bonds”.*

Of special relevance to our present contribution is Yasuda
and co-workers’ seminal report of the living ROP of e-cap-
rolactone (CL) by using the bis(pentamethylcyclopentadien-
yl) lanthanide hydride complex [{Cp*,Sm(p-H)},], along
with studies of corresponding alkyl and alkoxide lanthanide
systems (Cp* =n>-CsMes).! This highly sensitive hydride in-
itiator showed a significantly lower ROP efficiency than the
corresponding alkyl complex [Cp*,Sm(Me)(THF)], appa-
rently due to partial deactivation by residual water impurity
present in the monomer.* Although [{Cp*,Sm(p-H)},] cata-
lyzed the living ROP of CL, the stoichiometric reaction of
0.5 equivalents of [Cp*,Sm(p-H)], with 1 equivalent of CL
followed by hydrolysis gave 1,6-hexanediol (1,6-HO-
(CH,)¢OH) in 42% yield based on CL (Scheme 1). Along

o
o H,0
7, {Cp*Sm(u-H)}l  + - >

Scheme 1. Stoichiometric reaction of [{Cp*,Sm(u-H)},] with CL forming
1,6-hexane diol.’?

HO A~~~
OH

with the possible formation of [Cp*,SmO(CH,);OSmCp*,]
as an intermediate in the ROP of CL, as suggested by
Yasuda et al., these experimental results might imply that
the poly(CL)s formed were a,m-dihydroxyfunctionalized,
but this was not verified experimentally. The formation of
HO(CH,),OH (Scheme 1) suggests that the initiation step in
the ROP of CL by [{Cp*,Sm(u-H)},] involves nucleophilic
attack of the hydride on the carbonyl carbon atom of the
ester through an O—acyl bond cleavage reaction (coordina-
tion-insertion). However, the fast rate of this reaction and
complications arising from further reaction with [{Cp*,Sm-
(p-H)},] have limited any attempts to probe the mechanism
of the process experimentally. No computational studies of
the important first step in this ROP process have been de-
scribed.

Although the lanthanide hydrides themselves are highly
sensitive and prone to dimerization, the corresponding boro-
hydride derivatives [(L,)Ln(BH,)] (L,=supporting ligand
set) are less so, but still retain considerable hydridic charac-
ter through one, two or three Ln(u-H)B linkages.' Indeed,
borohydride complexes are attracting increasing attention in
both organometallic and polymer chemistry (see below) be-
cause the BH,™ ligand exhibits many advantages over other
anionic ligands. For example, because it has a comparatively
low propensity to form bridging complexes [(L,)Ln(u-
BH,)Ln(L,)], the BH,™ ligand allows the convenient prepa-
ration of well-defined non-aggregated species (unlike the
corresponding halide and alkoxide ligands that readily
bridge and, as a result, form less-soluble complexes). Al-
though BH," is isosteric with CI7, it is much more electron-
donating,” thus allowing isolation of otherwise unsaturated
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and inaccessible species. Finally, the BH,  ligand is conven-
iently identified and monitored by 'H and/or "B NMR spec-
troscopy. This provides an invaluable “handle” both for the
characterization of reaction products as well as for in situ
monitoring of experiments in order to identify intermediates
and elucidate reaction mechanisms. Although the ground-
state bonding and other properties of transition-metal-boro-
hydride compounds have been widely studied by computa-
tional methods,”® there are no studies of lanthanide ana-
logues, and none concerning their reactivity in general and
in particular in comparison with their [(L,)Ln(H)] hydride
analogues.

In light of this versatility, and following on from the pio-
neering work of Guillaume,”™ a number of well-defined
rare earth borohydride complexes!” have been developed as
initiators for the polymerization of polar monomers and es-
pecially of cyclic esters.'!®! Besides being highly efficient
and enabling the controlled and “living” ROP of cyclic
esters, the most distinctive feature of rare earth borohy-
drides, and thus their major technological impact, is that
they provide easy access to terminally functionalized poly-
mers. This in situ reduction process (see below) provides a
direct procedure to prepare o,w-functionalized polymers,
thus avoiding the post-polymerization chemical modification
of polymers and all of the associated inherent constraints.

The new a,w-dihydroxytelechelic PCLs (HO-PCL-OH)
were first synthesized using the tris(borohydride) [Ln(BH,);-
(THF);] (Ln=La, Sm, Nd) and the single-site mono(boro-
hydride) [Cp*,Sm(BH,)(THF)] complexes as initiators for
the ROP of e-caprolactone.'™ Direct evidence for the
presence of a unique type of hydroxyl end group on the
polyester was gained from determination of the polymer
structure by 'H and ®C NMR spectroscopy and MALDI-
TOF analysis. Indirect corroboration of the formation of di-
hydroxyfunctionalized PCLs was gained from their chemical
modification to give the corresponding o,w-dibromo- (Br-
PCL-Br) and a,w-diamine- (H,N-PCL-NH,) functionalized
polymers, these being subsequently used as macroinitiators
for the successful preparation of AB, triblock copolymers,
poly(caprolactone)-b-[poly(benzylglutamate)],, and poly(-
caprolactone)-b-[poly(methyl methacrylate)],.'?**! Finally,
diamino-bis(amide)- and -bis(phenoxide)-supported “post
metallocene” early lanthanide borohydride compounds were
also shown to give a,w-dihydroxytelechelic PCLs from
CL,™! thus supporting the general nature of the polymeri-
zation process and suggesting a common mechanism for all
borohydride initiating complexes.

The polymerization mechanism of CL initiated by borohy-
dride complexes has been thoroughly investigated by NMR
and IR spectroscopy, in particular by monitoring the stoi-
chiometric reaction of [La(BH,);(THF);] and [Cp*,Sm-
(BH,)(THF)] with CL.'*I These analyses allowed identifi-
cation of several key intermediates (discussed below, see
also Scheme 2) that were isolated and characterized. Addi-
tional evidence for the presence of —CH,OBH, groups (that
lead to the formation of a “physical gel”) during the poly-
merization process was obtained from IR investigations that

Chem. Eur. J. 2008, 14, 5507 -5518
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Polymerization of e-Caprolactone

[(Ly)Ln(BH4)(THF)] + CL

T\

(LLn—O(CH,)sC—H BH,
~__~

H*

HO(CHo)sC(O{O(CHo)sC(O)}O(CHZ)sCH,OH - =

Vv

Scheme 2. Proposed general mechanism for the polymerization of e-caprolactone initiated by [(L,)Ln(BH,)-

(THF)] .[1()a—d]

unambiguously showed the presence of B—H unit(s) in the
relevant intermediates depicted in Scheme 2.1'*

From these observations, a mechanism common to boro-
hydride initiators [(L,)Ln(BH,)(THF)] (L,=Cp*, (2-
CsH,N)CH,(CH,CH,NSiMe;),), or a related diamido-bis-
(phenoxide) ligand, was suggested to rationalize the for-
mation of the second hydroxyl end-function (Scheme 2).[1%!
This involved initial displacement of the coordinated THF
from the metal by CL to form the adduct [(L,)Ln-
(BH4)(CL)] (I). Subsequently, this first monomer molecule
inserts into the Ln—BH, bond with a C(O)—O (oxygen-acyl)
bond cleavage to give the intermediate [(L,)Ln{O-
(CH,)s;C(O)H-BH3};] (II, most likely solvated by a Lewis
base). The displaced BH; group immediately reduces the ad-
jacent aldehyde function to form a —CH,OBH, group, thus
generating an  alkoxyborane derivative [(L,)Ln{O-
(CH,)sCH,OBH,}] (III). Subsequent coordination-insertion
polymerization through the Ln—O bond of this species gives
the active polymer [(L,)Ln{{O(CH,)s;C(0)},.+O-
(CH,)sCH,OBH,}] (IV). Finally, upon quenching and deacti-
vation, hydrolysis of the Ln—O and CH,0O—BH, bonds of IV
generates an hydroxyl end group at each chain end giving
HO(CH,);C(O){O(CH,)s;C(0)},0(CH,);OH, HO-PCL-OH
(V). As mentioned above, direct experimental evidence has
been obtained for species of types I, III, IV and V in both
mono- and tris(borohydride) systems.[1%<

Theoretical investigations of chemical reactivity have
been successfully applied in 4f-elements chemistry!®®1417-18]

Chem. Eur. J. 2008, 14, 5507 -5518
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and recently on radical poly-
merization of acrylates.'sd
However, despite the emerging
importance of Group 3 or lan-
thanide ROP catalysts, theoreti-
cal studies of such systems are
particularly scarce.['*15"]

", We very recently used DFT

C/O to gain important insights into
the commercially important

synthesis of poly(methylmeth-
acrylate) (PMMA) initiated by
rare earth borohydride and hy-
dride complexes." This study
of the polymerization of MMA
initiated by metallocene and
non-metallocene lanthanide
M borohydride systems (modeled
as [Eu(BH,);] and [Cp,Eu-
(BH))] (Cp=n-CsHs)) estab-
lished the underlying influences
of the ligands on the energetics
and competing pathways of the
reaction. The study was further
v extended to the model hydride
complex [Cp,Eu(H)], for which
experimental results were also
available for the corresponding
real system [{Cp*,Sm(p-H)},],
and accounted for the very different abilities of the borohy-
dride and hydride initiators in the production of poly-
(MMA).

In this paper, we present comparative DFT investigations
of the ROP of e-caprolactone initiated by the hydride com-
plex [Cp,Eu(H)] and the borohydride systems [Cp,Eu(BH,)]
and [(N,NN)Eu(BH,)] (N,NN'=(2-
CsH,N)CH,(CH,CH,NMe),). Although they are consistent
with previous experimental observations of the real systems
(see above), these computational results also allow a deeper
insight into the thermodynamic and mechanistic features of
the initial steps in the ROP of CL using contrasting hydride-
type initiators in different ligand environments. Compari-
sons are thus made between hydride and borohydride active
Ln—X (X=H, BH,) bonds, and between metallocene and
“post-metallocene” supporting ligand-metal fragments.

l(n+1)CL

Computational Details

All the calculations were performed with the Gaussian 03"
suite of programs. For technical reasons associated with the
difficulty of employing effective core potentials (ECPs) with
an odd number of core electrons with Gaussian(03, the sa-
marium atoms, used experimentally, were replaced by euro-
pium atoms. It should be noted that there were no problems
with Gaussian98. According to previous theoretical studies,
the change from Sm to Eu leads to minimal modifications in
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the calculated geometric and energetic data.' Europium
was treated with a Stuttgart-Dresden pseudopotential that
includes the 4f electrons in core, in combination with their
adapted basis set.””! In all cases, the basis set was augmented
by a set of f-polarization functions.’!! Carbon, oxygen, and
hydrogen atoms are described with a 6-31G(d,p) double-¢
basis set.”” Calculations were carried out at the density
functional theory (DFT) level of theory using the hybrid
functional B3PW91.%! Geometry optimizations were carried
out without any symmetry restrictions and the nature of the
extrema (minima and transition states) was verified by ana-
lytical frequency calculations. The calculations were carried
out in the gas phase. The free energies were computed at
T=298.15 K within the harmonic approximation.

Results and Discussion

Polymerization of CL initiated by [Cp*,Sm(H)]: Computa-
tional study of two possible reaction mechanisms

In this study the Sm centers were replaced by Eu for techni-
cal reasons associated with the use of f-in-core effective core
potentials with an even number of core electrons (see Com-
putational Details). In the following, and based on previous
studies,"*” the Cp* ligand was replaced by Cp. Even
though it is known that [Cp*,Sm(H)] is a dimer in the ab-
sence of coordinating species, it has been shown both exper-
imentally® and theoretically’*? that the monomer is the
active species.

Two pathways (denoted “(a)” and “(b)” in Scheme 3)
were envisaged previously for the opening of the lactone
ring from an alkoxide-propagating center (L,)Ln-OR.[c¢24
Thus, ring-opening can proceed
through an oxygen-alkyl (Cy—
O, path (a)) or an oxygen-acyl
(C(O)—0, path (b)) bond cleav-
age, resulting in the formation
of carboxylate or alkoxide 60 - 8
active centers, respectively, as

AG (keal moll)

o] OR
(b) [Ln]—O/WY
(LyLn—OR E/
A 0
OR
B \(;)\ [Ln]*O)K/\/V

Scheme 3. Possible ring-openings of CL through oxygen-alkyl (a) and
oxygen-—acyl (b) bond cleavages from an alkoxide initiating center.'¢¢2¥

the puckered CL ring does not affect it, whereas the flat PL
cycle hinders it.'"*** Also, based on ab initio MO calcula-
tions, the conformation was found to be most energetically
favorable with CL rather than with PL.*! To gain further
insights into these findings, the two ring-cleavage mecha-
nisms were considered in the DFT investigations of the
polymerization of CL initiated by Cp,Eu(H).

O—Acyl (C(O)—0) ring-opening of CL: Classical and fa-
vored mechanism: The free-energy profile determined for
the reaction of CL with [Cp,Eu(H)], 1, is presented in
Figure 1. The three distinctive features of this ring-opening
reaction are: the stepwise process revealed by the calcula-
tions; the exergonic character of all the various intermedi-
ates involved; the effective ring-opening, which only occurs
within the second step. Overall, the reaction is calculated to
be exergonic by 38.7 kcalmol ™!, which means that the for-
mation of the alkoxy-aldehyde complex [Cp,Eu{O-
(CH,);C(O)H}], 7, from [Cp,Eu(H)] and CL is thermody-
namically favorable. From the kinetic point of view, the two
transition states (TS) 3 and 6 are found to be at rather low
energy, leading to an overall facile reaction. Thus, this reac-
tion seems, on the whole, to be favorable.

illustrated in Scheme 3. Larger 40
lactones (six- and seven-mem-
bered rings, i.e., O- and e-lac- 20 A
tones, respectively) such as CL
ring-open only by nucleophilic 0
attack of the OR™ anion on the
carbonyl carbon with C(O)—O -20
bond cleavage, however, the
opening of four-membered -40
rings (P-lactones such as [-pro-
piolactone (PL)) may occur -50 -
through both a Cg—O and a
C(0O)—O bond-scission pathway. -80

The differences in reactivity

were rationalized by the impact
of the stereochemistry of the
ring on the nucleophilic attack,
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First Step

Second Step

Figure 1. Calculated free-energy profile of the reaction of e-caprolactone with [Cp,Eu(H)].

Chem. Eur. J. 2008, 14, 5507 -5518
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The first step of the reaction corresponds to the C=0O
double insertion into the Eu—H bond of 1 to form 5. All of
the optimized structures for this process (complexes 1-5)
are given in Figure 2. The 1,2 insertion of m systems into a

Figure 2. Optimized structure of complexes 1-7 involved in the first step
of the reaction of CL with [Cp,Eu(H)] (O—acyl ring-opening).

Ln—H bond has been extensively studied both theoretically
and experimentally, either with olefins or with C-heteroatom
bonds, and it is now well established that these reactions are
kinetically facile and thermodynamically slightly exergon-
ic.?>2 As expected, we found this step (1—4) to be kineti-
cally accessible, with an activation barrier lower than the
energy of the separated 1 and CL, and thermodynamically
favorable (26.3 kcalmol ! below the separated reactants and
11.3 kcalmol ! below the adduct 2).

The reaction between [Cp,Eu(H)] and CL starts by for-
mation of the [Cp,Eu(H)(CL)] adduct 2, in which CL inter-
acts with the metal center through the exocyclic carbonyl
oxygen atom. This adduct formation is exergonic by
15.0 kcalmol ™!, in agreement with a stabilizing electrostatic
interaction between the negatively charged oxygen of the
carbonyl and the positive lanthanide center (—0.74 and
+2.37, respectively), further supported by the quite short
Eu—O distance (2.44 A). Also, the C—O bond is only mar-
ginally elongated with respect to a free CL (+0.03 A), as is
the Eu—H distance (+0.02 A) with respect to [Cp,Eu(H)].
In adduct 2, the CL ring adopts a chair conformation with-
out any interaction between the intracyclic oxygen and the
metal center. This is in agreement with the previously men-
tioned ab initio MO findings.**!

Adduct 2 leads to a quite early insertion TS, 3, lying only
3.0 kcalmol ™ above 2 (12.0 kcalmol ™! below the separated
reactants). In agreement with this small energy difference,
both 2 and 3 display very similar geometries. Thus, the reac-
tion from [Cp,Eu(H)] and CL to reach TS 3 is kinetically
very easy. Indeed, despite the rotation by 90° of the CL

Chem. Eur. J. 2008, 14, 5507 -5518

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

FULL PAPER

around the Eu-+O bond and a slight pyramidalization of the
carbon atom, none of the other geometrical parameters are
significantly affected on going from 2 to 3. The most modi-
fied bond is Eu—H, which is elongated by only 0.09 A,
whereas the Eu-O and C=O lengths are shortened by
0.06 A and elongated by 0.02 A, respectively. The (O)C—H
bond about to form is still long, 2.19 A. As indicated above,
the CL ring in 3 is now perpendicular to the equatorial
plane of the [Cp,Eu(H)] fragment and the chair conforma-
tion of the ring is retained. Such a TS for the insertion of a
C=0 double bond into a Ln—-H moiety has already been re-
ported to occur with a low activation barrier.?"

TS 3 evolves toward a cyclic alkoxide product 4 lying
14.3 kcalmol ™" below it. In 4, the CL ring is still perpendicu-
lar to the equatorial plane. The Eu--H distance of now
2.50 A is in agreement with a broken bond, yet also with a
remaining Eu--H interaction, such as an agostic one. This in-
teraction is further confirmed by the length of the formed
C—H bond (1.16 A), which is 0.07 A longer than a standard
C—H bond. The Eu—O bond is now formed (2.18 A) and the
C—O bond has elongated to 1.35 A indicating a more pro-
nounced single-bond character.

Interestingly, this cyclic alkoxide intermediate 4 is calcu-
lated to be fairly stable, mostly due to the strong electrostat-
ic interaction between the alkoxy group and the metal
center, with some contribution from the agostic Eu---H inter-
action. Analysis of this intermediate clearly showed that a
rotation of 90° around the O—Eu bond would lead to a less-
sterically crowded complex and would allow the favorable
coordination of the intracyclic oxygen. Despite our efforts, it
was not possible to locate the rotation TS, but rather a new
minimum as complex §, exhibiting a coordination of the in-
tracyclic oxygen, was obtained. This complex is calculated to
be stabilized by 14.2 kcalmol ' with respect to complex 4.
Notably, the Eu—O distance has been slightly increased by
0.04 A during the rotation process, but the C—O distance re-
mains the same as in complex 4 (1.35 A). The Eu-O(intra-
cyclic) distance is 2.47 A, indicating an interaction between
a lone pair of electrons on the O and the metal center.
Moreover, it should be noticed that this intermediate 5 can
undergo ring-opening, as the O(intracyclic) is coordinated
to the metal center, which is not the case for intermediate 4.

Thus, in a second step, starting from intermediate 5, the
two possibilities to open the ring were considered. All the
optimized structures for this step (5-7) are included in
Figure 2. From the alkoxide—ether complex 5, a CH(OEu)—
OCH, ring-opening bond cleavage can occur. Indeed, com-
plex 5 connects to TS 6, which is 6.5 kcalmol™ above 5, in
agreement with a kinetically accessible reaction. This TS
can be described as an isomerization of a metallated cyclic
alkoxide—ether into a linear alkoxide—aldehyde. Thus, at the
TS 6, the CH(OEu)-+OCH, distance is elongated by 0.93 A
from 1.52 to 2.45 A, showing clearly that the bond is effec-
tively broken. Thus, the nature of the two oxygen atoms is
changing. Indeed, the formerly intracyclic OCzH, is now in
closer interaction with the metal center (Eu—O distance of
2.19 A in 6 compared to 2.47 A in 5), becoming a Eu—OCH,
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alkoxide group, whereas the former alkoxide-oxygen is be-
coming more Lewis base/aldehyde-like (Eu-O distance of
245A in 6 compared to 2.22 A in 5). This is further con-
firmed by the shortening of the C-O distance by 0.09 A
leading to a C=0 double bond in 6. However, the aldehyde
carbon in 6 is not yet fully planar and still oriented toward
the formerly intracyclic OCgH.,.

TS 6 connects to the final alkoxide—aldehyde complex
[Cp,Eu{O(CH,);C(O)H}], 7, calculated to be +1.7 kcal
mol~! above 5, thus leading to a slightly endergonic step. In
fact, this value is so small that this step can be considered as
athermic. Complex 7 closely resembles the previously de-
scribed TS 6. Indeed, with respect to 6, only the
H(O)C--OCH, distance has increased up to 4.13 A, whereas
the Eu-OCH, distance has slightly reduced to 2.12 A, and
the terminal aldehyde group, which has rotated to allow in-
teraction between the carbonyl oxygen and the metal
center, is now planar.

A natural bonding analysis (NBO) of complex 7 clearly
indicates a charge separation with negative charge located
on the alkoxide and on the oxygen of the aldehyde groups
and the positive charge located on the metal center. Thus,
solvent effects, even in the case of less-polar ones such as
toluene, would stabilize complex 7 more than complex §
leading to an overall athermic-to-slightly exergonic reaction.
Furthermore, because the energy of this reaction is quite
small, one could certainly speculate whether the CH(OEu)—
OCH, bond-cleavage process might be promoted by the co-
ordination of a second CL molecule to 5. Thus, the coordi-
nation of a second CL molecule to complexes 5 and 7 was
computationally investigated. The structures obtained are
presented in Figure 3. In both 5(CL) and 7(CL) adducts, the

5(CL) adduct

7(CL) adduct

Figure 3. Optimized structure of the e-caprolactone adduct to the closed
and opened complexes 7(CL) and 5(CL), respectively.

CL molecule is coordinated to the metal center by the exo-
cyclic carbonyl oxygen. This coordination appears to be en-
ergetically marginally favorable for complex 5 (stabilization
of 3.2 kcalmol ™), but not for complex 7 (destabilization of
1.6 kcalmol '), presumably due to the larger “bite angle”
for the bidentate O(CH,)s;C(O)H ligand. Thus, the coordina-
tion of a second CL molecule does not appear to influence
the ring-opening process from a thermodynamic perspective.

Thus, it can be concluded that ring-opening can occur
through the mechanism proposed in Figure 1 (pathway 1—
7). Because the last ring-opening of 6 into 7 appears almost
athermic, suggestive of the absence of a clear thermodynam-
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ic preference for the ring-opening mode, the other ring-
opening possibility, namely a C;—O bond-scission pathway
(see path (a) in Scheme 3) was considered in order to gain
some thermodynamic and kinetic insights into this process.

O-Alkyl (Cy—O) ring-opening of CL: Unlikely mechanism:
The calculated free-energy profile for this C;—O bond-scis-
sion mechanism is presented in Figure 1 (pathway 8—10).
The reaction between [Cp,Eu(H)], 1, and CL involving a
C¢—O bond scission is highly exergonic by 76.0 kcalmol ™!,
but kinetically difficult (activation barrier of 40.6 kcalmol™
with respect to separated 1 and CL). This O—alkyl cleavage
of the monomer is predicted to lead ultimately to the forma-
tion of the chelating carboxylate [Cp,Eu{O,C(CH,),Me}],
10. A similar energy profile leading to the formation of this
carboxylate species from the reaction of Cp,Eu(H) and
MMA was also found to be thermodynamically highly favor-
able with a quite high activation barrier, the latter being ra-
tionalized by the Sy2-like reaction involving a planar alkyl
group at the TS.1¥

The present reaction involves first the exergonic (by
10.2 kcalmol™) formation of adduct, 8. Complex 8 differs
from adduct 2 in that the CL interacts with the metal center
through both oxygen atoms instead of only one. Interesting-
ly, the coordination of the two oxygen atoms slightly desta-
bilizes 8 (by 4.8 kcalmol™') relative to 2. This can be ex-
plained by the fact that in 8 the two Eu—O distances are ap-
proximately equal (2.68 A) but longer than the one in 2
(2.44 A). This leads to a smaller electrostatic interaction be-
tween the exocyclic oxygen, which is the most negatively
charged, and the metal center. This smaller interaction is
not balanced by the additional interaction between the in-
tracyclic oxygen and the metal center. The important nega-
tive charge of the exocyclic oxygen is further supported by a
NBO analysis (—0.65 e), which is smaller than for 2, namely
—0.74 e. Furthermore, the C=0 bond is rather long (1.34 A).

As for 2, the CL ring is puckered in 8 and the O-C(O)
chelating part of the CL is lying in the equatorial plane of
the {Cp,Eu} fragment. However, in 8 the intracyclic oxygen
is facing the hydride (Figure 4). This adduct connects to the
TS 9, which leads eventually to Cz—O(intracyclic) bond scis-
sion (giving product 10). The TS 9 lies some 50.8 kcalmol ™!
above 8 (ca. 40.6 kcalmol™' above the separated reactants).
The Cg—O bond scission is thus calculated to be almost ki-

T

‘g
gtad

8

Figure 4. Optimized structures of complexes 8-10 involved in the second

step of the reaction of CL with [Cp,Eu(H)] (O—alkyl ring-opening).
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netically impossible. TS 9 clearly indicates a Sy2-type TS in
which the —CH,CO,™ and H™ anions (each bound to Eu) are
the leaving group and nucleophile, respectively. In the TS,
the Cg carbon has a distorted trigonal-bipyramidal geometry,
but with a O-+C-H angle of approximately 126° in contrast
to the ideal 180°. The Eu—H distance in 9 has elongated to
230 A and the newly formed Cg~H bond is still long
(1.96 A). The Cp+O distance is also long (1.96 A) and, as
expected for a Sy2-type TS, it is equal to the new C---H. At
the same time, the Eu-O(intracyclic) distance has decreased
only slightly by 0.04 A with respect to 8, whereas the favora-
ble exocyclic O--Eu interaction has lengthened substantially
from 2.68 to 4.12 A. The height of the barrier is clearly due
to the planarity of the CH,R group (as found in the MMA
polymerization case) and the considerable geometric dis-
tortions required to achieve this TS.

Notably, the charges are very well separated in a Sy2 TS
so that 9 could be stabilized by a solvent of such low polari-
ty as toluene. Indeed, solvent-stabilization effects in 9 were
estimated by a single-point calculation to be 15 kcalmol™'.
However, this stabilization does not make this TS competi-
tive with the one determined in the other pathway (2—4 via
TS 3).

As mentioned, TS 9 evolves to form the carboxylate com-
plex [Cp,Eu{O,C(CH,),Me}], 10, which is calculated to be
highly exergonic by 116.6 kcalmol ' with respect to the TS
(and 76.0 kcalmol ! with respect to the separated reactants).
The carboxylate ligand interacts with the lanthanide center
in a highly favorable bidentate fashion with equal Eu—O dis-
tance (2.38 A). An NBO analysis clearly indicates that the
negative charge is delocalized between the two oxygen
atoms and the complex is stabilized by an electrostatic inter-
action with the electropositive metal center as expected.
The C—H bond is now fully formed (1.10 A).

Our computational results are in full agreement with the
experimental data (see Introduction) reported by Yasuda
etal. for the polymerization of CL by [{Cp*,Sm(u-H)},].F”
Our calculations explain why initiation should proceed
through the “classical” O—acyl ring-opening (C(O)—O bond
cleavage) leading to an alkoxide-aldehyde species
[Cp*,Sm{O(CH,)sC(O)H}] analogous to complex 7. They
also give unique insight into why the potentially competitive
Cy—O bond-scission process is not observed. Finally, we
recall that, experimentally,”! reaction of [{Cp*,Sm(u-H)},]
(0.5 equiv) with CL (1 equiv) affords the doubly reduced CL
product [Cp*,SmO(CH,);OSmCp*,]. Our calculations fur-
ther suggest that this reduced complex might arise from
attack of [Cp*,Sm(H)] on the initially formed alkoxide-al-
dehyde [Cp*,Sm{O(CH,)sC(O)H}] (modeled by 7, Figures 1
and 2).

Polymerization of CL by metallocene and non-metallocene
borohydride complexes

As detailed in the Introduction, the borohydride complexes

offer very different CL polymerization reactivity patterns as
a consequence of the reducing potential of the BH,™ ligand.
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This has now been established for a range of initiators: the
“simple” inorganic tris(borohydrides) [Ln(BH,);(THF);],
the metallocene [Cp*,Sm(BH,)(THF)] and, subsequently,
several post-metallocene systems such as [(N,NN*)Sm-
(BH,)(THF)] (N,NN*=(2-CsH,N)CH,(CH,CH,NAr),) or
bis(phenoxide) analogues.'%¢1° It was, therefore, of utmost
interest to compare the DFT results of the initiation step of
CL polymerization from the hydride [Cp*,Sm(H)] (using
the model [Cp,Eu(H)]) to those from the corresponding
metallocene-borohydride derivative [Cp*,Sm(BH,)(THF)]
(using the model [Cp,Eu(BH,)]). Furthermore, because the
beneficial effect of using alternative supporting ligands in
catalytic systems is well established,!'”>?” we also undertook
a study of a representative post-metallocene system for com-
parison with the metallocene analogues. This will certainly
aid further research in this area. A study of the tris(borohy-
drides) [Ln(BH,);(THF);] was not carried out for reasons of
computational efficiency. Furthermore, in our results for the
borohydride-initiated polymerization of MMA, no impor-
tant reactivity differences between the model [Eu(BH,);-
(THF);] and [Cp,Eu(BH,)] systems was found computation-
ally.'"! These in silico explorations are further in line with
our efforts to understand the ability of borohydride catalysts
to efficiently polymerize cyclic esters.[!*!1:14

Polymerization of CL initiated by [Cp*,Sm(BH,(THF)]:
Comparison of hydride and borohydride-metallocene sys-
tems: The calculations with [Cp,Eu(H)] revealed that the
C(0)—0O (O—acyl) cleavage was kinetically and thermody-
namically favorable, whereas the C;—O (O—alkyl) cleavage
route was highly kinetically disfavored, leading to catalyti-
cally inactive systems. Moreover, the ring-opening was
shown experimentally to occur through O-—acyl cleava-
ge.'%d Also, in our previous study on MMA polymeri-
zation, we showed that formation of the corresponding car-
boxylate species was also kinetically disfavored.'¥ There-
fore, only the O—acyl cleavage mechanism was investigated
for the borohydride complexes. The calculated pathway
along with all the optimized structures are depicted in Fig-
ures 5 and 6.

As observed with [Cp,Eu(H)], 1, the reaction of [Cp,Eu-
(BH,)] with CL proceeds in a stepwise manner and the CL
ring only opens in the second step (13—15, Figure 5). The
calculated activation barriers are rather low (maximum of
15.5 kcalmol ' with respect to the separated reactants) and
the overall reaction is thermodynamically favorable (forma-
tion of 15, exergonic by 29.0 kcalmol ). It should, however,
be noticed that these two values are higher than in the hy-
dride case. A similar comparative situation was found for
the MMA polymerization, indicating that the borohydride
catalysts are initiating more slowly than the hydride homo-
logues. However, because the second step of the reaction
with the hydride is almost athermic (5—7, Figure 1), the use
of borohydride catalyst turns the ring-opening into a firmly
exergonic step (13—15, Figure 5) with respect to the cyclic
alkoxide intermediate 13. This might lead to a better control
of the polymerization process with borohydride complexes.
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plane of the Cp,Eu complex
with a chair-like conformation,
in a very similar way to that ob-
served with the hydride 2. This
adduct 11 connects to a TS, 12,
which lies 23.7 kcalmol ™! above
it (11.9 kcalmol™' above the
separated reactants).’® Thus,
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this step appears kinetically fa-
vorable. Species 12 corresponds
to the TS for the hydride trans-
fer from the coordinated BH,~
ligand to the C=O group
carbon of CL. The BHj; group,
which is pyramidalized, is at a
B--H distance of 1.56 A from
the migrating H™. Although the
B--H™ distance is quite long,
some electron density remains
on the hydrogen atoms of the

-29.02

15

<

First Step

Figure 5. Calculated free-energy profile for the reaction of e-caprolactone with [Cp,Eu(BH,)].

Figure 6. Optimized structures of complexes 11-15 involved in the first
and second steps of the reaction of CL with [Cp,Eu(BH,)] (O—acyl ring-
opening).

As mentioned above, and as in the hydride case, the first
step of the reaction (up to 13) does not lead to the ring-
opening of CL. In the first step, the reaction begins with the
formation of the adduct [Cp,Eu(BH,)(CL)], 11. As within
the hydride adduct 2, the CL interacts with the metal center
through the exocyclic carbonyl oxygen. This adduct is
11.8 kcalmol ™ below the entrance channel, indicating a rel-
atively strong Eu---(O)C interaction. The slight difference to
the value obtained with 2 (15 kcalmol ™) could be attributed
to the tridentate coordination of the borohydride ligand to
the metal center. The CL ring in 11 is lying in the equatorial
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remaining BH; group, in agree-
ment with the observed n'-coor-
dination of the BH; to the
metal center (ca. 1.1-1.2 A).[%
This is also consistent with the ability of borohydride ligands
to interact with metal fragments in either a n', v, or v’ fash-
ion.[*! At the same time as the H™ is migrating, the CL ring
rotates by approximately 90° around the C=O--Eu bond
and the C is pyramidalized backward to orient the 2p orbital
on C towards the migrating hydride. The C=0O has been
elongated (1.30 A), thereby localizing the negative charge
on the oxygen (the NBO analysis indicates a charge of
—0.90 e on this oxygen), leading to a formal empty 2p orbi-
tal at the carbon atom. As in the hydride case, the chair con-
formation of the ring is maintained and the intracyclic
oxygen is not interacting with the metal center (3.73 A).

The TS 12 connects to an alkoxide-borate complex 13,
calculated to be exergonic by 19.6 kcalmol ™ (with respect
to the separated reactants) and is very similar to the one ob-
tained previously in the hydride case (4, Figures 1 and 2).
The major difference is that the formed BH; adds to the
exocyclic oxygen leading to a borate complex, which is inter-
acting with the metal center through two hydrogen atoms.
The ring has rotated around the Eu--O(C—O) bond to allow
interaction between the intracyclic oxygen and the metal
center. Thus, the conformation of the ring is maintained.
This first step of the reaction is quite similar to the one de-
scribed with the hydride (1—5), but is less favored from
both a thermodynamic and kinetic point of view.

The second (ring-opening) step starting from the borate
complex 13 (up to 15) does not require the rotation of CL
as in the hydride case, even though this process is energeti-
cally costless. This borate complex 13 connects to TS 14,
which lies 35.1 kcalmol™' above it (15.5 kcalmol™' below
separated reactants), leading to an overall facile reaction.
The geometry of the TS is quite interesting in that the
borate complex does not interact with the metal center
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through the BH; group, but rather through the oxygen. One
of the B—H bonds is slightly elongated (1.26 A) and is ori-
ented toward the C=0O carbon atom. The B—H---C angle is
close to 90°, clearly indicating an interaction between H and
C. Similarly, the C-O-B angle is also around 90° to allow a
stronger C--H interaction. At the same time, the C(O)—
O(endocyclic) bond is breaking (2.13 A), finally leading to
the opening of the ring. The exocyclic O(acyl) has accumu-
lated a significant negative charge (—0.97 e) and is acting as
an alkoxide group. Thus, unlike that which is observed with
the hydride case, the ring-opening occurs through a second
B-H hydride transfer and formation of an additional C—H
bond.

Indeed, following the intrinsic reaction coordinates leads
to the formation of an aliphatic alkoxide with a terminal —
CH,0OBH, group, namely [Cp,Eu{O(CH,);CH,OBH,}], 15,
which lies 44.5 kcalmol™ below TS 14 (29.0 kcalmol™
below the separated reactants). Thus, this second step is
thermodynamically favored making the overall reaction
thermodynamically possible. This is the main difference
from the hydride case in which the second step is athermic,
leading to a possible equilibrium between the closed and
opened complexes. This can be attributed to the formation
of the terminal CH,OBH, group that is driving the reaction
energy down. Chemically, this corresponds to BH; reduction
of the aldehyde group of 7 (Figure 1), a reaction that cannot
occur in the hydride case, except by reaction with a second
equivalent of metal hydride [Cp*,Sm(H)], as observed ex-
perimentally. Thus, the ring-opening/initiation reaction is
more easily thermodynamically controlled by the borohy-
dride complex [Cp,Eu(BH,)] because no quasi-equilibrium
is involved, although the activation barriers are higher than
in the hydride case. The calculated most-favorable complex
formed from the reaction of [Cp,Eu(BH,)] with CL, the alk-
oxide-borate 15, thus exactly matches the postulated active
species III (Scheme 2).

Polymerization of CL initiated by [(N.NN*)Sm(BH,)-
(THF)]: Comparison with a non-metallocene system: Follow-
ing the success of the metallocene complex [Cp*,Sm(BH,)-
(THF)] in the ROP of CL, several other “post-metallocene”
early lanthanide borohydride complexes have been repor-
ted.l% 1516 These include derivatives based on the dianionic,
tetradentate ligand N,NN* as shown in Figure 7. Analysis of
the PCLs ('HNMR and MALDI-TOF) formed with the
“post-metallocene” systems confirmed the exclusive forma-
tion of a,w-dihydroxytelechelic chains, OH-PCL. To deter-
mine the generality of the results found above for [Cp,Eu-
(BH,)], and to gain insight into the potential effects of using
these alternative supporting ligands, we include here a de-
scription of the mechanism for the “post-metallocene”
system of the type shown in Figure 7.

The base-free real systems [(N,NN*)Ln(BH,)] were mod-
eled by using the complex [(N,NN)Eu(BH,)] in which the
N-substituted N,NN* ligand was replaced by the computa-
tionally more accessible N-methyl homologue N,NN' (2-
CsH,N)CH,(CH,CH,NMe),. The modeling of N,NN* by
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N,NN' was validated by comparing the main geometrical
features obtained with both borohydride derivatives, namely
[(N,NN*)Eu(BH,)] and [(N,NN")Eu(BH,)] (16, see Table S1
of the Supporting Information). All geometrical parameters
and even the charges of the Eu and BH,™ are beautifully re-
produced by the model ligand. As for the metallocene
system, the borohydride is n* bonded to the lanthanide
center, yet with Eu—H distances (2.43, 2.46, and 2.51 A)
longer than for the metallocene system (2.33, 2.45, and
2.46 A). This is attributed to a stronger negative charge of
the N,NN’ ligand with respect to that of the Cp, fragment,
leading to a smaller negative charge carried by the borohy-
dride ligand. Indeed, an NBO analysis revealed that for
both complexes the charge at the metal center is almost
identical (+2.5), whereas the charge of the BH,™ ligands is
different (—0.78 for the N,NN' and —0.90 for the Cp,), lead-
ing to a smaller electrostatic interaction. Thus, the borohy-
dride ligand is less-strongly bonded to the metal fragment
with the N,NN’ ligand than with the Cp,, as confirmed by
the calculated heterolytic bond-dissociation energy
(139.0 kcalmol™" for [Cp,Eu(BH,)] and 122.6 kcalmol™" for
[(N,NN)Eu(BH,)]). This could certainly be generalized to
all anionic supporting ligands. Thus, the reactivity of CL
with the N,NN’ complex 16, and more precisely the ring-
opening step, could be expected to be less exergonic than
the one corresponding to the Cp, system, even though
breaking the Eu—BH, interaction is apparently more facile.

The calculated energy profile for the N,NN’ system is
shown in Figure 8 and is very similar to the one obtained for
the Cp, system (Figure 5). Thus, rather than describing the
geometries of all species 16 to 21 (presented in Figure 9)
that are very close to those described in Figure 6, we focus
on comparing the energetic parameters of the two systems
[Cp,Eu(BH,)] and [(N,NN")Eu(BH,)].

First of all, the reaction is calculated to be kinetically and
thermodynamically accessible. The reaction proceeds in two
steps as described above for [Cp,Eu(X)] (X=H or BH,),
and both steps are less exergonic than in the borohydride—
metallocene system. This is related to the strong negative
charge of the N,NN' ligand that reduces the charge of the
other ligand (see above) and thus that of the electrostatic in-
teraction with the lanthanide center. The effect is rather im-
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(—0.84¢e and —0.97e, respec-
tively, at the NBO level), lead-
ing to a lower electrostatic in-
teraction with the metal center
and thus to a thermodynamical-
ly less-favored complex forma-
tion. This equilibrium in the
last step is similar to that found
for the [Cp,Eu(H)] initiator,
but the reason is somewhat dif-
ferent.

Thus, as for the hydride cata-
lyst, the polymerization reac-
tion should occur with the
N,NN’ ligand. It may seem that
N,NN’ might not be the most
appropriate ligand to be used
for CL polymerization, yet
N,NN" allows a reduction in the

A

First Step

Figure 8. Calculated free-energy profile for the reaction of e-caprolactone with [(N,NN")Eu(BH,)].

16 17

19 20

Figure 9. Optimized structures of complexes 16-21 involved in the first and second steps of the reaction of CL

with [(N,NN')Eu(BH,)].

portant for the alkoxide complex 21. Thus, the formation
(after ring-opening) of the alkoxide complex 15 in the met-
allocene system is exergonic by approximately 10 kcalmol !,
whereas in the N,NN’ system it is in thermodynamic equilib-
rium with complex 19. Indeed, the charge of the coordinated
oxygen atom in the alkoxide complexes is reduced in the
N,NN’ system with respect to the metallocene system
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electrostatic ~ interaction be-
tween the reactive BH,~ ligand
and the metal center. Thus,
such a ligand may facilitate the
polymerization of MMA (which
is experimentally the case),™
whereas with the Cp, system
the cleavage of the lanthanide—
borohydride interaction is criti-
cal.™ A theoretical investiga-
tion of MMA polymerization
using [(N,NN")Eu(BH,)] is cur-
rently underway.

Finally, we note again the ex-
cellent agreement between the
mechanisms predicted above
for both the [Cp,Eu(BH,)] and
[(N,NN)Eu(BH,)] precursors
and the experimental systems
that unambiguously showed the
formation of di-hydroxy tele-
chelic PCLs. Therefore, one of
the terminal CH,OH groups
arises from the presence of an
—CH,OBH, group on the active
polymer chain, which is main-
2 tained up to the deactivation/
hydrolysis step. The other hy-
droxyl end group of the macro-
molecule arises from the deacti-
vation of the Eu—O bond, as

18

depicted in Scheme 2.

Conclusion

In this DFT study we have explored the polymerization-ini-
tiation mechanism of e-caprolactone either by the hydride
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[Cp.Eu(H)] or the borohydrides [Cp,Eu(BH,)] and
[(N,NN)Eu(BH,)]. The computational results are fully con-
sistent with experimental studies and, in particular, highlight
a number of important differences between hydride and bor-
ohydride as well as between metallocene and non-metallo-
cene borohydride precursors. These will aid further research
in this topical and important area.

For all of the systems, the reactions proceed with an O—
acyl bond cleavage and are predicted to be kinetically and
thermodynamically favorable with respect to the separated
initiator and CL. We have shown that all three reactions
proceed in a stepwise manner via a cyclic alkoxide (or alk-
oxide-borate) intermediate, and that the ring-opening only
occurs in the penultimate step of the initiation process. The
[Cp,Eu(H)] initiator proceeds with inherently lower activa-
tion barriers for both the initial hydride-transfer step and
the ring-opening second step. This is associated with the
greater reorganization required in the BH, complexes lead-
ing to kinetically slower processes for these latter systems.

The relative stabilities of the cyclic alkoxide intermediates
with regard to the ring-opened products was shown to
depend on both the initiating group (hydride vs. borohy-
dride) and supporting ligand set (Cp, vs. N,NN’), and leads
to a possible equilibrium between cyclic and ring-opened
isomers. Therefore, in certain cases ([Cp,Eu(H)] and
[(N,NN)Eu(BH,)]), the polymerization process should be
controlled by the displacement of this final equilibrium and
thus, by the experimental conditions. This is not the case for
[Cp,Eu(BH,)], because the ring-opening step is exergonic.
Indeed for both [Cp,Eu(BH,)] and [(N,NN)Eu(BH,)] this
step is fundamentally different to that for the hydride spe-
cies, as it corresponds to a second B-H activation/hydride
migration leading eventually to the formation of a terminal
—CH,OBH, moiety. In the real polymerization systems this
functional group would ultimately be hydrolyzed into a hy-
droxymethylene terminal group, as observed experimentally.

The alkoxide-borate/ring-opening equilibrium found with
the [(N,NN')Eu(BH,)] complex arises because of the greater
negative charge carried by the N,NN’ ligand relative to Cp,.
This reduces the interaction between the reactive ligands
(borohydride or alkoxide) and the metal center. Therefore,
use of N,NN'-type (or other post-metallocene) ligands in
conjunction with borohydride initiating groups could allow
for the polymerization of a monomer such as MMA in
which the key step is to break the interaction between the
borohydride and the metal center. Further studies of this
and other borohydride-initiated polymerizations are pres-
ently underway.
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