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The combination of a Ti—salen complex with AgBArF reveals unique
hard/soft heterobimetallic cooperativity in lactide ring-opening
polymerisation (ROP), enabling significant activity at room tem-
perature. Reactivity, mechanistic and computational studies high-
light the role of cation—n interactions in the formation of
heterobimetallic species and provide key insights into the role of
both metals in ROP.

Taking inspiration from Nature, numerous bi- and multi-
metallic catalytic species have been developed to enhance
chemical transformations, for example to improve catalytic
performance (e.g. activity, selectivity) or to enable in situ cas-
cade reactions (e.g. tandem catalysis)." The use of at least two
different metals is of interest to enable the complementary
reactivities offered by each metal to be exploited, either in
tandem or synergistically.”> Thus, heterobimetallic catalysts
have been successfully applied to organic catalytic'® reactions
as well as to polymerisation reactions.® As recently reviewed,
heterobimetallic catalytic species can outperform their homo-
bimetallic counterparts, such as in olefin polymerisation,**~
cyclic ester ring-opening polymerisation (ROP),*** as well as
epoxide/CO, and epoxide/anhydride ring-opening copolymeri-
sation (ROCOP).** ROP and ROCOP are particularly timely as
they provide access to well-defined bio-based and/or non-
durable polyesters and polycarbonates. Polylactic acid (PLA), a
flagship biopolymer, being both bio-derived and industrially
compostable, is currently industrially obtained by the Sn-
catalysed ROP of lactide, the dimer of lactic acid.

Several successful combinations of hard and intermediate
Lewis acidic metals (as per Pearson’s classification)® have been
investigated as hetero bi- and-multi-metallic catalysts in lactide
ROP,*” including Li/Mg,® Li/Zn,” Li/Ge,® Li/Y,’ Li/Sn,® Na/Zn,*
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Mg/Ti,'® Al/Zn,"* Al/Y,” Al/Sm,"* K/Zn,® and Ti/zZn.'™* As
proposed by Garden and co-workers,>*'"'* the nature of the two
metals is highly important, with large differences in electronegativ-
ity and at least one metal with a large ionic radius being particularly
desirable. Interestingly, to the best of our knowledge, no examples
of heterobimetallic catalysts including soft metals [e.g. Ag(1), Cu(1)]
have been reported for lactide ROP so far.

The synthesis and characterisation of well-defined, discrete
heterobimetallic catalysts remains challenging, and the formation
of some of the aforementioned examples may be attributed to
residual salt traces from the complex synthesis."® Dinucleating
ligands providing at least two different pockets tailored towards two
different metals have been successfully designed to overcome this,
but their synthesis and modulations can still be challenging. In line
with previous work by some of us'® and others'” exploiting non-
covalent interactions (NCI) in ROP, we decided to investigate how
cation-n interactions could favour the in situ formation of aggre-
gated heterobimetallic species, and provide a new use of NCI as a
strategy to decipher metal cooperativities. Metal-r interactions have
been found to be of importance in biology, materials and
chemistry,"® with Ag'-r interactions being one of the most widely
investigated and used in catalysis."

Thus, with the aim of positioning a soft metal cation near a
hard oxophilic metal via cation-r interactions, we considered
the combination of a Ti-salen ROP catalyst with silver
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate (AgBArF). Tita-
nium alkoxide complexes bearing Schiff base salen ligands
have a strong track record in lactide ROP,*° and provide both
a m system via the phenolate moieties of the salen ligand and an
“hard” oxophilic metal. AgBArF is a common reagent in
organometallic and inorganic chemistry with a weakly coordi-
nating anion,*® and thus provides an accessible source of
“naked” Ag'. It is noteworthy that few successful heterobime-
tallic catalysts containing Ti have been reported for cyclic ester
ROP. Using a reduced Robson-type macrocycle, Williams and
co-workers'* reported a Ti(1v)/Zn(u) catalyst for LA ROP where
activity at room temperature is observed upon addition of a
second metal (i.e. Zn). Lin and co-workers reported Ti(iv)/Mg(u)
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and Ti(wv)/Zn(u) bis(phenolate) complexes showing enhanced
catalytic activities towards LA ROP (91% in 30 min and 89% in
3.5 hours respectively), compared to their monometallic Ti(v)
counterparts (76% in 94 hours).’® Sarazin et al. reported a
Ti(m)/Na complex showing enhanced activity in e-caprolactone
ROP compared to a monometallic Ti(iv) analogue.”

Here, we report the unique and successful hard/soft combi-
nation of a well-defined Ti-salen complex with a silver salt leading
to activity enhancement in lactide ROP and activity at room
temperature. Reactivity, mechanistic and computational studies
highlight the nature of the observed heterobimetallic cooperativity.

Following a modified literature procedure,* the bis(iso-
propoxide) titanium salen complex 1 was prepared in a good
yield (88%) from the reaction of one equivalent of salen pre-
cursor M2 with one equivalent of Ti(O'Pr),. The 'H NMR
spectrum (CDCl;, 298 K) suggests that the complex adopts a
C,-symmetric structure in solution with only two signals for the
‘Bu groups (d;4 = 1.32 ppm and 1.49 ppm), two signals in the
aromatic region (6,5 = 7.48 ppm and 7.16 ppm), and one imine
signal (0,4 = 8.27 ppm), in line with a meridional coordination
of the tetradentate salen ligand as previously observed for other
bis(alkoxide) titanium salen complexes.”*

Complex 1 was tested for rac-lactide (rac-LA) ROP in standard
literature conditions (1 mol% catalyst, [rac-LA], = 1 mol L™, 90 °C,
toluene) and was able to convert 73% of rac-LA in 24 hours (entry 1,
Table 1) to afford atactic PLA with well-controlled polymerisation
characteristics (i.e. controlled molar masses, low dispersities <1.3,
Fig. S12, ESI%). In contrast, complex 1 gave no activity within 4 hours
for rac-LA ROP in dichloromethane (DCM) at room temperature
(entry 2, Table 1). However, when 1 equivalent of AgBArF was
initially added, the resulting catalytic system of an equimolar
amount of 1 + AgBArF afforded well-controlled polymerisation of
rac-LA at room temperature, leading to 76% conversion to PLA after
1 hour (entry 4, Table 1 and Fig. S13, ESI%). It is noteworthy that
AgBArF alone does not exhibit any activity towards LA ROP (entry 3,
Table 1); only the combination of both metal reagents in situ leads
to an active system, highlighting the cooperativity between these two
entities (Scheme 1).

The polymers feature low dispersity (P ~ 1.2), and molar
masses in close agreement with the calculated M, assuming
only one polymer chain per Ti centre (i.e. only one O'Pr group

Table 1 ROP data for of rac-LA using 1 and AgBArF

T t Conv.* My(exp) (P)° Migeato)’

Entry Cat./Co-cat. Solvent (°C) (h) (%) (kg mol™") (kg mol™")
11— Toluene 90 24 73 6.6 (1.29) 10.5

2 1/— DCM 25 4 0 — —

3 —/AgBArF  DCM 25 4 0 — —

4 1/AgBATF DCM 25 1 76  9.5(122) 10.9

5 1/AgBArF  Toluene 90  0.25 49 7.2 (1.21) 741

Reaction conditions cat./co-cat./rac-LA:1/1/100, [rac-LA], = 1 mol L.
“ Determined by "H NMR spectroscopy by relative integration of the
signals at 5.06 ppm (rac-LA) vs. 5.20 ppm (PLA). ” Determined by SEC
calibrated with polystyrene standards and corrected by factor of 0.58 for
PLA. ¢ Calculated using formular My caic) = conv. (%) x 144.13 x 1073
(kg mol "), end groups omitted.
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Scheme 1 rac-LA ROP initiated by 1 + AgBArF (DCM, 25 °C, [rac-LAlp =1
mol LY.

initiating the polymerisation, as observed for 1 initiating rac-LA
ROP at 90 °C). A plot of In([rac-LA]y/[rac-LA],) versus time
(Fig. S15, ESI%) shows a linear trend, as commonly reported
for LA ROP initiated by well-defined metal catalysts. Polymer
analysis by MALDI-ToF mass spectrometry (Fig. S17, ESI%)
shows no evidence of transesterification (i.e. peaks are spaced
by 144 a.u.) or cyclic polymers, and suggests the formation of
linear polymers (O'Pr or OH end-capped), in line with a poly-
merisation occurring via a coordination-insertion mechanism.

The catalytic system 1 + AgBArF was also tested at 90 °C (in
toluene), and showed high activity under these conditions,
converting 49% of rac-LA in 15 minutes, compared to 12% in
1 hour without AgBATrF in similar conditions.

To further highlight the need of both Ti and Ag metals not
only to initiate but also to propagate the reaction, further
investigations were carried out. Thus, whereas 1 alone (1 equiv.)
is unable to initiate rac-LA ROP in DCM at room temperature
(0% in 30 minutes), subsequent addition of AgBATF (1 equiv.)
immediately triggers the polymerisation and leads to almost
full conversion of rac-LA in 4 hours (Fig. S19, ESI%). Conversely,
once the polymerisation is initiated (i.e. using an equimolar
amount of 1 and AgBArF), addition of a silver chelating agent
such as bipyridine (bipy) immediately stops the polymerisation,
presumably via formation of a Ag(bipy)," complex and thus
inhibiting any beneficial Ag-Ti cooperativity for rac-LA ROP.

In order to gain a better understanding of the observed
cooperativity, a stoichiometric reaction between 1 and AgBArF
was monitored by 'H NMR (400 MHz, CgD¢) and UV-vis.
spectroscopies. Addition of 1 equivalent of AgBArF to 1 equiva-
lent of 1 in C¢Dg at room temperature leads to immediate and
significant shifts in the 'H NMR spectrum to all signals
previously associated to 1, suggesting interactions of 1 with
AgBArF and formation of a new species, referred to as 1-AgBArF
(Scheme 2). Interestingly, the resulting 'H NMR spectrum of
1-AgBArF shows two distinct signals attributed to two distinct
O'Pr groups (d,;; = 3.91 ppm, and d,y = 3.56 ppm), suggesting
potential interactions of Ag® with one O'Pr group
resulting in a loss of symmetry in solution compared to 1

@GBArF
Pro----pg
’ s~ —1Bu
1+AgBAF =—= /N\/,TF_NW
/&O [ tBu
tBu tBu O'Pr
1-AgBArF

Scheme 2 Proposed interactions of 1 with AgBArF leading to 1-AgBArF.
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(d1mxoipr = 4.13 ppm). Imine and phenolate signals are also shifted
compared to 1 (see Fig. S20-S23, ESI#) suggesting potential inter-
actions with the phenolate moieties, presumably via cation-n
interactions as depicted in Scheme 2. It should be noted that
despite moderate solubility in CsDe, AgBAIF completely dissolves
in the presence of 1 supporting the presence of attractive interac-
tions between both species leading to 1-AgBArF (variable tempera-
ture 'H NMR analysis in Fig. S9-S11, ESIf). In addition, the
hypothesised 1-AgBArF was found be stable in C¢Dg for up to
6 hours as determined by '"H NMR spectroscopy, which is well
within the timescale for the observed polymerisation reaction to
reach completion. Finally, as determined by "H NMR spectroscopy
(Fig. S22, ESIi), addition of 2 equivalents of bipy to a solution of
1-AgBAIF in C¢Dg leads to the re-formation of 1 along with the
formation of a new species presumed to be Ag(bipy),-BArF. Overall,
this confirms the existence of weak attractive interactions between 1
and Ag" to form a heterobimetallic species 1-Ag*, presumably via
interactions involving one O'Pr group and the phenolate moieties of
the salen ligand.

Upon addition of 1 equiv. of AgBATIF to 1 equiv. of 1 in C¢Ds,
DOSY analysis (Fig. $23-525, ESI}) confirms the formation of a
single species with a diffusion coefficient in line with an
aggregated species comprising the characteristic signals attrib-
uted to the BArF counter-anion and the salen ligand. Upon the
addition of 2 equiv. of bipy, multiple species with distinct
diffusion coefficients are observed in line with the formation
of 1 and a hypothesised cationic Ag(bipy)," complex with a
dissociated BArF counter anion.

UV-vis absorption spectroscopy analysis was also conducted
to gather further structural information on 1-AgBArF (Fig. S26,
ESI). Both 1 and 1-AgBATF (in situ generated) show absorption
bands at 1 ~ 350-450 nm assigned to ligand-centred
transitions.”> Thus, upon addition of 1 equivalent of AgBArF
to a solution of 1 in DCM, the absorption maximum wavelength
is blue-shifted from Z,.x = 380 nm to A, = 368 nm
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(A2 = 12 nm), in line with Ag' interactions affecting the
conjugated © system of the salen ligand.

Finally, in order to gain better evidence of the molecular
structure of 1-AgBArF and insights into the role of both metals
during the polymerisation reaction, DFT calculations were
carried out (see details in ESIi). The coordination of Ag(i) salts
to metal salen complexes has previously been reported.”® Ag(i)
ions have been found to coordinate via two oxygen atoms of the
phenolate moieties, as well as via n interactions with the
phenolate rings of Cu salen complexes.?” Attempts to coordi-
nate an Ag" atom to the oxygen atoms of the phenolate moieties
(i.e. k> fashion coordination) as previously observed for unsub-
stituted Cu salen complexes were unsuccessful due to the
bulkiness of the ‘Bu groups.?® Instead, the Ag* ion was found
to coordinate with one of the phenolate moieties via cation-n
interactions and with one oxygen atom of the alkoxide groups
(i.e. I-Ag" in Scheme 3). This is supported by non-covalent
interaction (NCI) surfaces (Fig. S35, ESIi) and the molecular
electrostatic potential surface of I indicating regions of high
electron density above the phenolate moieties defining a sui-
table ‘pocket’ for Ag' cation docking (Fig. S33, ESIf). Silver
cations have been known to act as bifunctional Lewis acids via
n-binding to carbon-carbon multiple bonds, as well as
o-binding to heteroatoms.>” Such a coordination of Ag" leads to
two non-equivalent Ti-OMe bonds (Fig. S29, ESI), in line with the
NMR spectrum showing two distinct signals for both O'Pr groups.
The Ti-OMe bond with the OMe group binding to Ag" is lengthened
to around 2.02 A (vs. 1.85 A in I), leading to a reduced © donation
from the O atom to Ti, which was previously proposed to enhance
catalytic activity in Ti-initiated ROP (Fig. S42, ESI})."

Considering the reaction of one molecule of L-lactide with I-
Ag®, the presence of Ag' was found to offer ‘electrophilic
assistance’ which renders one of the methoxy ligands more
labile and therefore facilitates the nucleophilic attack onto the
carbonyl of the lactide, also coordinated to Ag" (III-Ag"-TS, in
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Scheme 3 Energy profile for |-LA ring-opening by 1-Ag* (#B97xD/def2-SVP cpcm = benzene), data available at DOI: 10.14469/hpc/8730.
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Scheme 3 and Fig. S38, ESI;). To some extent, Ag* not only ‘activates’
the monomer (i.e. enhanced electron deficiency on the C atom of the
carbonyl) but also contributes to activating the nucleophilic actor (i.e.
elongated Ti-OMe bond). Contrary to a monometallic coordination-
insertion mechanism where both monomer activation and nucleo-
philic attack occur at the same metal, the presence of a second metal
(ie. Ag") near the Ti catalytic site allows the distribution of both
mechanistic elements across both metals, hence providing
cooperativity."" Thus, whereas the Ti atom offers restricted coordina-
tion sites, the Ag cation does not feature an initiating group but
combining both allows Ag" to activate the monomer (ie. as an
electrophilic partner) and the Ti alkoxide moiety to act as the
nucleophilic partner. Similarly, in the ring-opening step (VII'-Ag™-
TS in Scheme 3 and Fig. S38, ESIf), the presence of an Ag™ atom
facilitates the ring-opening by reducing geometrical constraints in
the transition state. The overall energy barrier was found to be
~24 keal mol ™" (in line with a reaction occurring at room tempera-
ture) and supports a cooperative Ti/Ag mechanism where both hard
and soft metals act cooperatively. These results are in line with
previous experimental observations by Garden and co-workers sug-
gesting that less electronegative metals with large radii preferably
activate monomers whereas more Lewis acidic metals are preferably
involved in the nucleophilic attack.**" In addition, the “malleable”
cation-r interactions allow Ag" to adjust its position above the
phenolate ring and to adapt to the different geometries of key
intermediates lowering overall energy barriers.

The combination of a Ti-salen complex with AgBArF reveals
unprecedented hard/soft metal cooperativity in lactide ROP. Whereas
both entities separately do not exhibit any activities, the combination
of both leads to an active catalytic system for lactide ROP at room
temperature. To the best of our knowledge, this is the first evidence of
metal cooperativity involving silver in cyclic ester ROP.

Mechanistic, reactivity and computational studies suggest
that cation-n interactions between the phenolate moieties of
the salen ligand and the Ag" cation enables the formation of a
Ti/Ag heterobimetallic species responsible for the cooperativity.
These findings open up new strategies exploiting NCI to reveal
heterobimetallic cooperativity with existing metal phenolate
complexes and inspire new ligand designs.

Finally, preliminary DFT calculations on a ROP mechanism
initiated by a Ti/Ag heterobimetallic species provides some insights
into the role of both metals during the polymerisation. The silver
cation not only contributes towards activating the monomer but
also renders the nucleophilic attack more facile by weakening the
M-alkoxide bond. In addition, the flexible cation-n interaction
between Ag" and the phenolate ring allows the silver cation to easily
adapt to the geometries of key intermediates during the poly-
merisation lowering overall energy barriers. This can be further
exploited towards the polymerisation of “challenging” monomers
which require efficient catalysts at low temperature to overcome
thermodynamic constraints.>®
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