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ABSTRACT: Fully organic Lewis pairs, combining a phosphine such as tris-n-butylphosphine (P"Bus), tris-
tert-butylphosphine (P'Bus) or tris-(2,4,6-trimethoxyphenyl) phosphine (TTMPP) as a Lewis base, and
N-(trimethylsilyl)bis(trifluoromethane sulfonyl)imide (MesSiNTf;) as a Lewis acid, are shown to directly
initiate the polymerization of methyl methacrylate (MMA) at room temperature in toluene. A dual reaction
mechanism involving an optimal TTMPP:MesSiNTf. ratio of 1:2 accounts for the control of the polymerization.
Molar masses of poly(methyl methacrylate)’s (PMMA’s) can be varied by the initial [MMA]o/[TTMPP]o molar
ratio. Chain extension experiments confirm that a majority of chains of a TTMPP/MesSiNTf.-derived PMMA
can be reactivated. Both Density Functional Theory (DFT) calculations and stoichiometric studies reveal that
TTMPP and MesSiNTf, form a P-silyl phosphonium intermediate that is in equilibrium with the corresponding
frustrated Lewis pair (FLP). This FLP could correspond to the active form of the initiation step. Both
computational and experimental data support the existence of a cooperative mechanism during the
TTMPP/MesSiNTf,—mediated Lewis pair-mediated polymerization of MMA.

INTRODUCTION
Combining two distinct catalysts in a bi-component system is a powerful strategy, which allows
synthesizing complex molecules that would be hardly accessible using a single catalyst.!” Most examples are
based on the association of a metallic complex with an organic catalyst, each partner displaying a specific
activity towards the desired transformation. Both catalysts operate by activating the reaction partners in a
dual/cooperative manner.:* In the context of polymer chemistry, dual catalysis has also proven to dramatically
increase chain growth polymerization activity and selectivity.®!! Early works where some Al-based catalysts
have been associated to pyridine for the ring-opening polymerization (ROP) of lactones have been reported in
the 1990°s.1213 Recent examples of a dual organic/organometallic polymerization catalysis, utilizing a mono-
or a bicomponent catalytic system, mainly concern the ROP of D,L-lactide (D,L-LA), trimethylene carbonate or
some lactones.'*® The associated ROP mechanism involves activation of the carbonyl group of the
heterocyclic monomer and activation of the alcohol initiator by the metallic Lewis acid and the organic base,
respectively. A dual organocatalysis ROP, i.e. employing fully organic catalysts, has also been contemplated,
again with D,L-LA, as a means to achieve metal-free polyesters.??
This way of cooperatively catalyzing polymerizations is actually connected to the concept of frustrated
Lewis pairs (FLP’s), for instance, based on phosphines or N-heterocyclic carbenes (NHCs) as Lewis bases
(LB’s) and boranes as Lewis acids (LA’s), regarding the activation of poorly reactive molecular substrates.?®-!
In FLP’s, quenching of each component as it takes place with “classical” Lewis pairs is precluded owing to the
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steric demand around reactive sites. The FLP concept has been recently translated in polymer chemistry to the
polymerization of conjugated polar alkenes, including (meth)acrylate derivatives and 2-vinyl-pyridine.11:3234
Typically, a sterically hindered phosphine (or a NHC) as LB associated with Al(CeFs)s as LA initiates the
polymerization of methyl methacrylate (MMA) with an extremely high turnover frequency (TOF). 11323 Not
only weakly frustrated systems, but also “classical” Lewis pairs, such as PPhs/Al(CsFs)s, have eventually
proven the most active. 1323 |t is noteworthy in these polymerizations, that the Lewis pair (LP) serves as a
direct initiating system, and not as a catalyst as in the dual organic/organometallic or fully organic catalysis
discussed above in the context of ROP.11° Moreover, although the activity of LP/FLP systems is remarkable,
the polymerization is not rigorously controlled by the monomer to the Lewis pair molar ratio, and sometimes a
relatively broad dispersity can characterize the resulting polymers. Yet, a few examples of a direct LP-initiated
polymerization (= LPP), proceeding in a more controlled fashion, have been reported. Bourissou et al. have
thus resorted to Zn(CeFs), and pentamethylpiperidine to achieve cyclic PLA’s by ROP of D,L-LA,* while Chen
et al. and Lu et al. have shown that LPP of methacrylates can be mediated by a NHC in conjunction with
B(CsFs)s. In latter cases, molecular weights of as-obtained polymethacrylates can indeed be tuned by varying
the initial monomer to the NHC ratio.*®%

Following our interest both in the catalyzed and non-catalyzed polymerization of (meth)acrylate
monomers using organic nucleophiles (e.g. NHCs or phosphines),®“ we wish to report herein that the
association of a phosphine, e.g. tris(2,4,6-trimethoxyphenyl)phosphine (TTMPP) as LB, with
N-(trimethylsilyl)bis(trifluoromethanesulfonyl)imide (MesSiNTf,) as LA, allows directly initiating the
polymerization of MMA. In the context of organic chemistry, silane-based LA’s, such as Mes;SiOTf,
MesSiNTf,, are efficient catalysts for various transformations,* for instance for the Diels-Alder,**" and the
Mukaiyama-aldol*® reactions. The use of such electrophilic silanes within FLP’s has also been reported for the
activation of CO..4%! In polymer chemistry, the ability of MesSiNTf, to activate (meth)acrylates monomers
has recently been evidenced by Kakuchi et al. in the case of the Group Transfer Polymerization of both
acrylates and (meth)acrylates monomers, using a silylketeneacetal as initiator.52%* In the present study, we
compare the behavior of MesSIOTf and MesSiNTf, as LA’s when used in conjunction with different
phosphines, including P'Bus, P"Bus and TTMPP as LB’s. Remarkably, the peculiar combination involving
TTMPP:MesSiNTf; in a 1:2 molar ratio allows the metal-free LPP being conducted at room temperature in
toluene, providing poly(methyl methacrylate) (PMMA) chains controlled by the initial [MMA]o/[TTMPP]o
molar ratio. Both Density Functional Theory (DFT) calculations and stoichiometric reactions establish that a P-
silyl phosphonium adduct results from the association of TTMPP and MesSiNTf,. Yet, this adduct is found to
be in equilibrium with the corresponding FLP as the true active form of the initiation step. Computational data
also show that both initiation and propagation steps involve low activation barriers, in agreement with
experimental observations, which overall support the existence of a dual/cooperative mechanism.

EXPERIMENTAL

Materials.

Toluene was refluxed over CaH, and cryo-distilled from polystyryllithium (PS-Li) prior to use. Methyl
methacrylate (MMA) was purchased from Sigma-Aldrich, degased, dried over CaH,, cryo-distilled into a
burette and stored at -20°C. Trimethylsilyl trifluoromethanesulfonate (MesSiOTf) and N-trimethylsilyl-
bis(trifluoromethane)sulfonimide (MesSiNTT,) were purchased from TCI Chemical and used as received. Tri-n-
butylphosphine (P"Bus) was purchased from Sigma Aldrich (95%) and cryo-distilled. Tri-tert-butylphosphine
(P'Bus) and tris(2,4,6-trimethoxyphenyl)phosphine (TTMPP) were purchased from Strem Chemical and Sigma
Aldrich, respectively, and used as received. All Lewis acids and bases were kept under an argon glovebox.
Methods.

NMR spectra were recorded on a Bruker AC-400 spectrometer (*H, *C, 3P, 2°Si of 400 MHz, 100MHz,
162 MHz and 79.5 MHz, respectively) in appropriate deuterated solvents.

Molar masses of polymers samples were determined by size exclusion chromatography (SEC) using a set of
PSS GRAM columns with pore sizes of 10um (guard column), 30A and 1000A calibrated with narrow
Polystyrene standards from Polymer Laboratories using both refractometric and UV detectors (Varian). DMF



was used as eluent (0.8 mL.min*) and toluene as a flow marker (300pL toluene / 100mL DMF) at 50°C, in the
presence of LiBr (2.17 g.L ).

MALDI-ToF experiments were performed by the ISM-CESAMO (Bordeaux, France) on a Voyager mass
spectrometer (Applied Biosystems). The instrument is equipped with a pulsed N laser (337 nm) and a time-
delayed extracted ion source. Spectra were recorded in the positive-ion mode using the reflectron and with an
accelerating voltage of 20 kV. Samples were dissolved in THF at 10 mg/ml. The IAA matrix (trans-3-
Indoleacrylic acid) solution was prepared by dissolving 10 mg in 1 ml of THF. A MeOH solution of
cationization agent (Nal, 10 mg/ml) was also prepared. The solutions were combined in a 10:1:1 volume ratio
of matrix to sample to cationization agent. One to two microliters of the obtained solution was deposited onto
the sample target and vacuum-dried.

Lewis pair polymerization of methyl methacrylate.

All polymerization experiments were performed under a dry and inert atmosphere using Schlenk techniques. In
a typical procedure, 50 puL (216 umol) of Me3sSiNTf,and 0.5 mL (4.7 mmol) of MMA were dissolved in 3 mL
of toluene in a flame-dried Schlenk flask in the glovebox. A 3mL toluene solution of 58 mg (108 wmol) of
TTMPP was added dropwise on the solution of MMA-TMSNTf,. After 2h at 25 °C, an aliquot of the
polymerization mixture was taken to determine the conversion by *H NMR analysis in CDCI; and the reaction
was quenched at the air. Volatiles were removed under vacuum. The crude product was re-dissolved in toluene
and precipitated in methanol twice. After drying under vacuum, PMMA was recovered as a white solid.

Chain extension experiments.

In a typical experiment, 0.5 mL of MMA (43 eq. relative to TTMPP) was added onto the living PMMA chain
obtained after 5 h (run 1, 98 % of conversion). After 15 h, 100% of MMA conversion was reached (check by
H NMR; run 2). An addition load of 1 mL of MMA was again added (run 3). After 24h of reaction, 100% of
conversion was achieved and the work-up was the same as that described above.

Model reactions.

Equimolar reactions between TTMPP and TMSNTf, and MMA and TMSNTT; were performed in a J-Young
NMR tube and monitored by *H, 3C, 3P and 2°Si NMR spectroscopies. In a typical procedure, 10 uL (43 pumol)
of MesSiNTf,and 23.1 mg (43 umol) of TTMPP or 5 pL (43 umol) of MMA were dissolved in 0.6 mL of dried
toluene-ds (or bromobenzene-ds) in a J-Young NMR tube in the glovebox.

COMPUTATIONAL DETAILS

Optimizations were carried out with the Gaussian 09 program® at the DFT level of theory using the
MO06-2X functional.®® All the different atoms (C, N, H, O, F, Si, P and S) have been described with a 6-
31G(d,p) double-{ basis set.>” Geometry optimizations were carried out without any symmetry restrictions in
the gas phase. The nature of the extrema, minima or transition states, was verified with analytical frequency
calculations, by the absence or presence of only one negative eigenvalue, respectively. The connection between
the transition states and the corresponding minima was confirmed by IRC calculations.®®%  Single-point
energies were performed on fully optimized geometries in gas phase, taking into account the solvent effect,
toluene (¢=2.3741), as a uniform polarizable medium with a dielectric constant using SMD model®® with M06-
2X(SMD-toluene)/6-311++G(2d,2p) level of theory. Entropic effects were not included since they tend to
overestimate the energetic costs of multi-molecular (3 molecules in our study) processes.

The electron density of FLP (5) and preorganized complex between TTMPP and activated-MMA was
subjected to an Atoms-In-Molecules analysis (QTAIM analysis)®%? using AIMAII software.®® Natural Bond
Orbital®*®® analysis (NBO) was also performed in order to identify the presence or not of stabilizing orbital
interactions (NBO-3.1 implemented in Gaussian).

3IP-NMR chemical shifts were evaluated by employing the direct implementation of the Gauge
Including Atomic Orbitals (GIAO)®"% method at the M06-2X density functional level of theory with IGLOO-
11%° basis set (HsPOs as a reference) using previously optimized gas phase structures at the M06-2X/6-31G**
level (M06-2X/IGLO-11//M06-2X/6-31G**).



RESULTS AND DISCUSSION

We turned to phosphines as nucleophilic components of Lewis pairs (LP’s), because we anticipated that
the interaction between the phosphorus-containing LB and the silane LA would be weaker than in the case of
NHCs as nucleophiles. In the latter case, indeed, C,- and Cas-trimethylsilyl covalent (and irreversible) adducts
have been evidenced.””* Three commercially available phosphines were thus tested (Figure 1), namely,
tri-tert-butylphosphine (P'Bus), tri-n-butylphosphine (P"Bus) and tris-(2,4,6-trimethoxyphenyl)phosphine
(TTMPP). Both MesSiNTf, and MesSiOTf were assessed, knowing that the latter LA is less active.”
Moreover, given the coordinating character of the selected silanes and the well-established reactivity of
phosphines toward chlorinated solvents, such as dichloromethane or chloroform®®, only toluene was here
considered as a non-oxygenated and non-chlorinated solvent.

Lewis Bases (LB) Lewis Acids (LA)
g \ 0.0
~Si-0-S-CF;  \ S-CF,
o, 7 6o~ SN
P I 8-CF3
P P : =
3 3 3 Me;SiOTf 00
A MesSiNTT,
P"Bus PBus TTMPP

Figure 1. Phosphines and silanes used in this work as Lewis bases and Lewis acids, respectively.

1- Screening of the Lewis pairs and further investigation into MMA polymerization

Initial screening revealed that no polymerization of MMA occurred even after 48h when using the
Lewis acid (MesSiOTf or MesSiNTf,) or the phosphine (P'Bus or P"Bus or TTMPP) alone (Table 1, entries 1-
2). Attempts to polymerize MMA using MesSiNTf, and TTMPP in a 1:1 or 0.5:1 ratio were also unsuccessful
(entries 6-7). In contrast, MMA could be readily polymerized when using any of the three phosphines in
conjunction with MesSiNTf;in a 1:2 ratio (entries 3-5 and 8; see also Scheme 1). Complete MMA conversion
was achieved within 3-15h, in toluene at 25°C (Table 1, entries 3-5 for P'Bus, P"Bus and TTMPP,
respectively), suggesting that a cooperative activation of the monomer was certainly operative under those
conditions. No polymerization was observed using the less electrophilic Mes;SiOTT in presence of any of the
phosphine (Table 1, entry 9), highlighting the selective character of the silane component (MesSiNTf, vs.

MesSiOTf).
R;p + N :gz + MesSi—X Toluene, 25 °C _
0 Polymerization n
O\ 0 Yo
I

R = tert-butyl, n-butyl, 2,4,6-trimethoxyphenyl
X= OTf, NT,

Scheme 1. Polymerization of MMA at 25 °C in toluene using a phosphine in conjunction with a silane.

These preliminary phosphine/MesSiNTf,—induced LPP experiments also showed a good agreement
between experimental molecular weights, as determined by *H NMR analysis, and values deduced from the
initial [MMA]o/[LB]o molar ratio, regardless of the nature of the phosphine. In addition, low dispersity values,
as obtained by SEC analysis, supported the occurrence of a controlled polymerization (B < 1.10). As illustrated
in Figure 2, both refractometric (RI) and UV (Amax = 260 nm) signals of SEC traces of TTMPP-derived PMMA
proved superimposable further evidencing the presence of the aromatic phosphine at the PMMA chain ends.
Given the similar reactivity of the three phosphines under those conditions, TTMPP was selected for further
investigations of the LPP of MMA, due to the NMR and SEC-UV handles provided by the aromatic groups
attached to the phosphorus center of this phosphine.



Table 1. Polymerization of MMA at 25 °C in toluene in presence of a phosphine and Me3sSiNTf, or MesSiOTf,

[MMA]W/[LAlo Time Conv. M, M NMRO ] SECA)

Entry WA LB /[LB]o (h) (%) (g.mol) (g.molY) (g.mol?) !
1 MesSiX - 43/2/- 48 0 - - - -
2 - PRs 43/-/1 48 0 - - - -
3 MesSiNTf,  P'Bus 43/2/1 7 100 4,500 6,800 13,700 1.06
4 MesSiNTf,  P"Bus 43/2/1 15 100 4,400 n.d. 8,700 1.03
5 MesSINTf, TTMPP 43/2/1 3 100 4,300 6,700 7,500 1.08
6 MesSINTf, TTMPP 86/0.5/1 24 0 - - - -
7 MesSiNTf, TTMPP 86/1/1 24 0 - - - -
8 MesSINTf, TTMPP 86/2/1 3 100 8,600 8,900 13,100 1.07
9 MesSiOTf PR3 43/2/1 48 0 - - -

i theo

3 Conv. = % monomer conversion determined by *H NMR spectroscopy. ® Theoretical molecular weight M,

Al

MLB+MMMAX%XCOHV. ° Molecular weight M, determined by *H NMR based on integration of characteristic protons
of the phosphines. ¥ Determined by SEC in DMF, using PS standards.

—— [MMA] /[TTMPP], = 86 (entry 8) (RI)
-==--[MMA] /[TTMPP]_ = 86 (entry 8) (UV)

Elution time (min) in DMF

Figure 2. SEC traces (RI-UV 260 nm) of PMMA obtained using TTMPP/TMSNTT; (1/2) in toluene at 25 °C (Table 1,
entry 8).

The absence of polymerization for experiments with MesSiNTf,/TTMPP ratios equal to 0.5 and 1
(Table 1, entries 6-7) are reminiscent to observations by Chen et al. regarding the direct LPP of MMA by a
LB/AI(CgFs)s (LB = tBusP, PhsP or IMes).!32* Polymerization mechanism indeed involves a first equivalent
of LA to activate MMA toward the 1,4-conjugate addition reaction of the LB (initiation step), while another
equivalent is required for the activation of a second molecule of MMA, allowing thus the phosphonium
enolaluminate growing species to add in a 1,4-fashion onto this activated monomer (scheme 2). By analogy
with this “bimetallic mechanism”, two equivalents of MesSiNTf, were also required in the present study, to
activate a first equivalent of MMA in the initiation step (in green, scheme 2) and a second equivalent in the
propagation step (in blue, scheme 2). Thus, conjugated addition of the phosphine onto MesSiNTf,-activated
MMA likely yielded a a-phosphonium silyl ketene acetal (a-PSKA) ion pair, rather than a zwitterionic-type
intermediate LA-stabilized enolate as observed with the LB/AI system (scheme 2).1132-3% Propagation would
then occur by addition of this a-PSKA to an incoming TMSNTf.-activated MMA, with concomitant release of
one equivalent of TMSNTT.. Finally, the experimentally observed o-phosphonium,o-H PMMA would result
from the hydrolysis of the SKA moiety under air exposure. It is noteworthy that these SKA-type growing chain
ends are very similar to those characterizing the group transfer polymerization (GTP) of MMA 41447376
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Scheme 2. Proposed mechanism for the LPP of MMA using the TTMPP/MesSiNTf, (1/2).

A typical 'H NMR spectrum of a purified TTMPP/MesSiNTf-derived PMMA is shown in Figure 3.
Characteristic protons due to methoxy and aromatic groups at Socwz = 3.83 ppm and Saromaic = 6.04 ppm,
respectively, revealed the presence of a phosphine moiety in a-position, derived from TTMPP. Relative
integration of methyl, methylene and methoxy protons from MMA units (cxs = 0.8 ppm, dchz = 1.77 ppm and
docrz = 3.56 ppm, respectively) with that due to methine protons of the phosphine (8cnz = 6.06 ppm; Figure
S1), allowed us to determine the PMMA molar mass. This calculation was based on the assumption that chain
ends were either in the form of linear RsP(+)-PMMA-H structure (A: in Scheme 3) or as neutral cyclic
structure, as the result of a cyclization involving the reaction of the enolate end with the phosphorus center (B
in Scheme 3). The molar mass thus determined was slightly higher than the theoretical value based on the
initial ratio [MMA]J/[TTMPP], (M, " =8,600 g.mol* vs. M, "MR = 8,900 g.mol*; Table 1, entry 8),
presumably due to the hydrolysis of MesSiNTT; by residual water in the system (see discussion below).

8.0

7.5

n=84 = M N\MR= 8 900 g.mol'

OCH3PMMA
PMMA CH,PMMA
CH, 3 |
cpCl |
OCquhosplme_ ’ ‘
para | |
phosphine
= CH[,*,‘ = Vl_xl P SR i l","» s ,J
~ > ™
o ~ = 3
e g 2 i ~
70 65 6.0 5.5 50 45 40 35 30 25 20 15 1.0 05 0.0
8(ppm)

Figure 3. *H NMR spectrum in CDCl3; of PMMA obtained using TTMPP/TMSNTT; (1/2) in toluene at 25 °C (Table 1,

entry 8)
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Scheme 3. Proposed mechanism for the formation of phosphonium- and neutral phosphorane (PV)-terminated PMMA’s.

The tacticity of this TTMPP/MesSiNTf.-derived PMMA was also evaluated based on the signals from
CHs groups (ESI, Figure S3).77 The result was as follows: syndiotacticity (% of triad rr) = 62 %, heterotacticity
(% of triad mr) = 34 % and isotacticity (% of triad mm) = 4%. This tacticity is somewhat comparable to that
observed in the MesSiNTf,-catalyzed GTP of MMA with a SKA initiator (% rr/mr/mm = 72/27/1 at 25°C in
CH_Cl,).%2%3

Characterization by 3P NMR (Figure 4) eventually revealed the presence of two main signals in a 73:19
ratio, at 2.4 and 2.9 ppm, strongly shifted downfield compared to that of free TTMPP (5 = -71.8 ppm in
toluene-ds; see also Figure S2). Given the very similar chemical shifts, these species probably corresponded to
a-phosphonium PMMA'’s of different microstructures. Although we could not attribute each observed signal,
one of the populations might correspond to the expected a-phosphonium PMMA chains (linear A; or cyclic B
in Scheme 2). However, the presence of species coordinated to the triflimide anion could also be considered
(Species Az and As, Scheme 3), although the equilibrium highly favors the formation of a non-coordinated
phosphonium (A:). Besides those signals, the doublet at -52.8 ppm could unambiguously be attributed to the
TTMPP-H phosphonium salt, i.e. featuring a direct P-H bond, owing to the large Jpn coupling constant (}Jpn =
535 Hz). This compound most likely arose from the protonation of the phosphine by HNTf;, resulting from the
hydrolysis of Me;SiNTf, by adventitious water (Scheme 4). According to 3P NMR, this side reaction led to the
formation of 7 % of phosphonium salt. This also explained the slightly higher molecular weights noted (Table
1), a small part of the phosphine [TTMPP]o being not available for initiation.

|
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/S|—NTf2 """" */HR * /SI_OH
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3 3
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TTMPP-H
Scheme 4. Protonation of the phosphine resulting from the presence of adventitious water.
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Figure 4. *H coupled-3P NMR spectrum in CDCl; of PMMA obtained using TTMPP/Me3SiNTf, (1/2) in toluene at 25 °C
(Table 1, Table 1, entry 8).

Analysis by MALDI-ToF mass spectrometry of the same PMMA revealed the presence of one main
population (Figure 5). The corresponding series of peaks was ascribed to the targeted a-phosphonium,m-H
PMMA with m/z =533.19 + 100.05 n, where 533.19 is the molar mass of the phosphonium and H-end-groups.
However, as already described above, both the linear a-phosphonium,w-H PMMA and the cyclic
a-phospholane PMMA structures having the same m/z, they could not de distinguished by MALDI ToF MS.
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Figure 5. MALDI-ToF mass spectrum of PMMA synthesized from TTMPP/ MesSiNTT; (1/2) in toluene at 25 °C (Table

1, entry 8).

The effect of the concentration in MMA was next investigated, using initial concentrations of [TTMPP]o
= 18 mM and [TMSNTf;]o = 36 mM (Table 2). For these experiments, a TTMPP solution was added onto a
solution of MMA activated by TMSNTT,, keeping the LA/LB ratio equal to 2.



Table 2. Polymerization of MMA at 25 °C in toluene using different [MMA]o/[MesSiNTf,]o/[TTMPP], ratios
[MMA]o/

. Time  Conv.? M, theo ® M, nmR © M, sec 9 Mpsec 9
Entry ['\EI'I??I'SI\I/INF;E]Z?)O/ (h) (%) (g.mol %) (g.molY)  (g.mol ™) (g.’;nol‘l) !
1 43/2/1 3 100 4,300 6,700 7,500 7,800 1.08
2 86/2/1 15 100 8,600 10,800 10,700 11,500 1.05
3 172/2/1 24 100 17,300 17,800 23,800 24,700 1.03

—theo
n =

9 Conv.= % monomer conversion determined by 1H NMR spectroscopy. ® Theoretical molecular weight

MLB"FMMMAX%XCOHV. 9 M, nvr determined by *H NMR based on integration of protons from TTMPP

substituents. 9 Characterization by SEC in DMF using PS standards for calibration.

The TTMPP/MesSiNTf.-mediated LPP of MMA readily proceeded in toluene at 25 °C, regardless of the
initial [MMA]o, quantitative MMA conversion being achieved within 3h (Table 2). According to 'H NMR
analysis, experimental molecular weights were again in rather good agreement with the expected values, based
on the initial [MMA]o/[TTMPP], ratio, while dispersities remained narrow from SEC examination (Figure 6).
These molar masses were found to increase with the monomer concentration (0.94M, 1.88M and 3.76M),
leading to PMMA’s with M, ™R values up to 17,800 g.mol™.

—— [MMA]/[TTMPP], = 43 (entry 1)
—— [MMA] /[TTMPP]_ = 86 (entry 2)
—— [MMA]/[TTMPP], = 172 (entry 3)

Negative peak from solvent

r~-rrtrrtrr1r 1 77T T "7 T "1 1 "1
18 19 20 21 22 23 24 25 26 27 28 29 30 31

Elution time (min) in DMF
Figure 6. SEC-RI traces of PMMA’s obtained with TTMPP/Me;SiNTf, (1/2) in toluene at 25 °C (Table 2).

Formation of narrowly distributed PMMA’s thus attested to the occurrence of a controlled
TTMPP/MesSiNTf—initiated LPP of MMA. These results thus contrast with those obtained by LPP of MMA
utilizing a phosphine or a NHC as LB and aluminum-based LA’s, where PMMA’s of higher molecular weights
values than those predicted by the initial [MMA]o/[LB]o and of rather broad dispersity were observed.!%-34
This might be ascribed to the weaker Lewis acidity of MesSiNTf, compared to Al(CeFs)s, which presumably led
to a weaker LB-LA interaction, thus allowing for an almost quantitative initiation by the phosphine in our case.
However, the nature of the growing chain might also play a role: the aforementioned a-PSKA (Scheme 4)
might be less reactive and thus less prone to side reactions, than the aluminiumenolate growing species
observed by Chen et al. 11323

The ability of the growing a-PSKA-derived PMMA chains to be reactivated was also assessed. The LPP
of MMA was first run in toluene at 25°C with initial concentrations: [TTMPP]o=11 mM,
[MesSiNTf,]o =22 mM and [MMA]o=0.6 M (Table 3, entry 1). After 5h at 25°C, 98% of monomer
conversion was reached, producing a PMMA of molar mass M, = 7,500 g.mol* and dispersity P = 1.08.
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Adding a new load of 43 eq. of MMA (Table 3, entry 2) led to a PMMA of M, = 13,400 g.mol* (D = 1.07)
after 15h and full monomer conversion (entry 2). Another load of 86 eq. of MMA (Table 3, entry 3) was again
added to the previous solution, yielding a new PMMA with a molecular weight of 31,000 g.mol? (P = 1.05)
after complete monomer conversion (24 h). Resulting SEC traces of the different PMMA'’s obtained from these
successive chain extension experiments are illustrated in Figure 7.

These results confirmed that phosphine/silane could promote a controlled LPP of MMA with a high end-
group fidelity, which could be ascribed to the presence of neutral and moderately reactive SKA chain ends,
minimizing the occurrence of side reactions.

Table 3. Polymerization of MMA at 25 °C in toluene for chain extension experiments

[MMA]o/[MesSiNTf2Jo/  Time Conv.® M,"°b M, nwvr®  M,sec?

Entry [TTMPP]o M ) @mod) @mo) (@gmorty D7
1 43/2/1 (run 1) 5 98 4,750 4,750 7,500 1.08
2 run 1 + 43eq (run 2) 15 100 9,150 12,200 13,400 1.07
3 run 2 + 86eq (run 3) 24 100 17,750 - 31,000 1.05
4 Conv.= % monomer conversion determined by *H NMR spectroscopy.  Theoretical molecular weight
M= M g+M, % U\g?] xconv. 9 M, nwr determined by 'H NMR based on integration of protons

from TTMPP substituents. 9 Characterization of PMMA’s by SEC in DMF using PS standards for
calibration.

run 1 (entry 1)
run 2 (entry 2)
run 3 (entry 3)

Negative peak from solvent

18 20 22 24 26 28 30
Elution time (min) in DMF

Figure 7. SEC-RI traces of PMMA obtained upon sequential addition of MMA onto TTMPP/TMSNTf,-derived living PMMA
chains in toluene at 25 °C (Table 3).

2- Stoichiometric studies: interaction of MesSiNTf, with MMA and TTMPP

Model reactions involving the different polymerization components were performed to gain a better
insight both into the type of LP formed when associating MesSiNTf, and TTMPP and into the activation mode
of MMA. The reaction of TTMPP with 1 eq. of MesSiNTf, was first studied by 3P NMR in toluene-ds. After
mixing the two LP reagents, however, a precipitate formed, precluding further characterization of the product.
We thus turned to bromobenzene PhBr-ds, an inert and relatively polar solvent (compared to toluene). In this
solvent, the signal corresponding to the free phosphine (6 = -67.2 ppm) vanished while a new signal at -34.2
ppm appeared, suggesting the formation of a P-Si bond (Figure S4). Unfortunately, no signal could be observed
in the corresponding #Si NMR spectrum (Figure S5), making difficult the structural determination of the
ensuing adduct.
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Depending on the interaction of the NTf, anion with the silicon center, on one hand, and with the
phosphorus center, on the other hand, different structures could yet be formulated; these are displayed in Figure
8. As already discussed above (Scheme 3), interaction of TTMPP with Mes;SiNTf; could form a cationic P-silyl
phosphonium, A;’, or a neutral silyl-N-phosphorane, A’, and its isomeric silyl-O-phosphorane, As’, where
NTf, would be N- and O-bound to the phosphorus center, respectively. The NTf, anion could also remain in
vicinity of the silicon atom and generate neutral phosphonium N-silicate and phosphonium O-silicate, denoted
as C and D, respectively. Although the hypervalency of silane is well-known, it requires several electron-
withdrawing substituents to allow silicate formation.*® The formation of C and D thus appears unfavorable.
Moreover, given the insolubility of the product in toluene, a cationic structure such as A;’ could be favored in a
relatively polar solvent. The relative stability of all these compounds was also analyzed and confirmed by DFT
calculation (see figure S14 and discussion in Sl).

S Q0
NTfZ F3C-S R _R / 0 Q N (..) OBPR_SI/_
R-P—si— NP=SE™ S8R D
R\ FsCS R CF3 CF3

Silyl-phosphonium (A4')  Silyl-N-phosphorane (A;')  Silyl-O-phosphorane (Aj3")

Q0
S-CF D\ /
R- —\SJ;'N 3 RE@—SEO\GS?,,N.('S?’,O
R 19 s-CF; R = 2 3
o0 CF5 CF3
Phosphonium N-silicate (C) Phosphonium O-silicate (D)

Figure 8. Possible interactions between the Lewis acid MesSiNTf, and the Lewis base TTMPP.

The presence of residual water in PhBr-dsalso forms the P-H phosphonium (8 = — 53.2 ppm, d, 1Jpn =
535 Hz), as discussed in the case of LPP-derived PMMA’s.

The ability of the silane to activate MMA was next investigated in toluene-ds by H, 3C and °Si NMR
(Figures S6-S8). Most significantly, in the H NMR spectrum of the 1:1 MesSiNTf,:MMA mixture (Figure S6),
signals corresponding to CgH» (6H = 5.23 and 6.01 ppm) were downfield shifted by 0.20 ppm, relatively to free
MMA (3H = 5.03 and 5.80 ppm). In parallel, signals attributed to Cg and C=0 carbons (6Cg = 125.6 ppm and
8C=0 = 167.8 ppm), in the *C NMR spectrum of the stoichiometric mixture of MesSiNTf, and MMA (Figure
S7), appeared at lower field than corresponding signals of MMA (6Cg = 124.9 ppm and dc=o0 = 167.2 ppm).
These data suggested a coordination of the silicon atom of MesSiNTf; to the carbonyl group of MMA, which in
turn enhanced the electrophilicity of positions 2 and 4. In Si NMR (Figure S8), the signal corresponding to the
silicon center in MesSiNTf, (dsi = 54.9 ppm) was shifted upfield by 48 ppm in the 1:1 mixture of MesSiNTT,
and MMA (3si = 7.1 ppm), further attesting to the interaction between the two components. All these data are
also in agreement with the formation of a tetravalent cationic silicon center, rather than of a hypervalent silicate
species.

3- Calculations by Density Functional Theory

To gain a further insight into the role of TTMPP and MesSiNTf; in the course of MMA polymerization,
DFT calculations were performed at the MO06-2X(SMD-toluene)/6-311++G**//M06-2X/6-31G** level of
theory, taking into account the solvent effect using SMD solvation model (toluene). MesSiNTf, was also
compared to the less active MesSiOTf, which did not form any polymer when combined to TTMPP, in sharp
contrast to MesSiNTT>.

The ability of MesSiNTf, and MesSiOTf to activate MMA was thus first studied computationally
(Scheme 5). In both cases, both an activated and a non-activated form could be located on the potential energy
surface (PES). The main structural difference between those two forms (Figures S9 and S10 in ESI for details)
is related to the distance between the CO of MMA and the silicon center, a long O---Si distance (3.3 A) being
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calculated for the non-activated form. In the case of the activated form, a cationic tetravalent silicon compound
was computed, the anion being formally replaced by MMA. In the case of MesSiOTf, the rather large energetic
difference calculated (10 kcal/mol in favor of the non-activated species) between these two forms (3 and 4, for
the non-activated and activated form, respectively) suggested that MesSiOTf was not electrophilic enough to
activate MMA, as we also observed experimentally (no polymerization with this LA). In contrast, both
structures (1 and 2, for the non-activated and activated form, respectively) were found almost isoenergetic in
the case of MesSINTT,, indicating that the two forms were in equilibrium. Overall, these data strongly
supported that only MesSiNTf; was able to activate MMA, consistently with experimental observations.

<

o
)
Osdcr,

\ ;
—8i-N,
.S-CF3,
[0} p

o) 0. & - —| "NT,
Me;SiNTf, _4 Ny I;,S*CFs \/ ~Sivg
e

O-zzz- Si- -
med AT scr, ﬁ)\or\.«e
[0}
(o]
1: non-activated MMA 2: activated MMA
(0.0) (+0.4)
O —_—
MeO
0
MMA \ S-CFs
—Si-0 -
; \ - S‘,i j OTf
Me,SiOTf N ~7"0
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Scheme 3. Relative energies (AE in kcal/mol) of compounds formed between MMA and MesSiX (X=NTf; or OTf)
calculated at the M06-2X(SMD-toluene)/6-311++G**//M06-2X/6-31G** level of theory.

Thus, only MesSiNTf, was considered for the rest of the study because of its unique ability to mediate
activation, and further polymerization of MMA, when associated with TTMPP-. The association between this
silane LA and TTMPP was then theoretically investigated (Figure 9). Two minima, corresponding to a FLP-
like structure (5), on one hand, and to a P-silyl phosphonium (6), on the other hand, could be identified on the
PES, 5 lying 10 kcal/mol above 6 (Figure S11 in ESI for details). Compound 6 was characterized by a P-Si
bond distance of 2.393 A and a long Si...N distance of 3.047 A, indicative of a very weak interaction of the
NTf, anion with the silicon centre (N...P ~ 5.5 A). Interestingly, the theoretical 3P NMR chemical shift
calculated for 6 (531P""*°: -36.4 ppm) correlated well with experimental data (§%!P®: -34.2 ppm), supporting its
formation in solution. As expected for the FLP structure 5, a rather long P...Si distance was calculated (3.778
A), while the Si-N bond distance was short (1.921 A). NBO and QTAIM analyses suggested that this FLP
structure was stabilized thanks to weak donor—acceptor interaction [LP(P)—>LP(Si)*: 6.5 kcal/mol] and
multiple hydrogen bonds, with an average value of the electron density p(r) around 0.01 e.bohr?(Table S1 in
ESI for details). A transition state (TS) connecting 5 and 6 could be located on the PES (Figure S11 in ESI for
details) and a low activation barrier (1.8 kcal/mol) was computed for the formation of 5 from 6. Overall, these
DFT calculations evidenced that FLP 5 was certainly the form activating MMA in solution.
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Figure 9. Association between MesSiNTf, and TTMPP at the M06-2X(SMD-toluene)/6-311++G**//M06-2X/6-31G**
level of theory. Inter-conversion process between FLP 5 and adduct 6. Relative energies, AE, in kcal/mol and *'P-NMR
chemical shifts (experimental and theoretical) in ppm.

To further elucidate the role of this phosphine/silane in the LPP process, the initiation step, that is the
reaction of 5 with one equivalent of MMA, was first computed, as well as the phospha-Michael addition of
TTMPP to MMA, in absence of MesSiNTf, (Figure S12 in ESI for details). For the latter conjugate addition,
the activation barrier was predicted relatively low (11.2 kcal/mol) but the formation of the corresponding
zwitterionic phosphonium enolate (zwitterion 1, Figure S12) was found to be thermodynamically unfavorable,
both the final product and the corresponding TS being quasi isoenergetic. In contrast, the FLP 5-mediated
conjugate addition was predicted to occur through a pre-organized complex (Figure 10; see also Figure S13 for
geometrical features and Table S2 for AIM analysis), where the phosphine interacted with the activated MMA
through multiple H-bonds. In contrast to the MesSiNTf,—free reaction, the conjugate addition of the phosphine
was found to be strongly exothermic (AEn: -24.8 kcal/mol) with an activation barrier of only 5.2 kcal/mol, that
is 6 kcal/mol lower than that calculated for the reaction in absence of MesSiNTf,. This result again highlighted
the key role of the dual nucleophilic/electrophilic activation on both the kinetic and the thermodynamic of the
first addition of MMA."®

It is noteworthy in this mechanism that although the pre-organized complex could be in equilibrium with
the P-Silyl phosphonium 6 via the FLP 5, the low activation barrier of the conjugate addition of the 1% molecule
of activated MMA (around 5.2 kcal/mol) and the strong stabilization of the ensuing phosphonium silyl ketene
acetal (PSKA-1, Figure 10 and Figure S13) made this initiation step much favored than the formation of 6, in
presence of MMA.

Addition of (PSKA-1) to a second activated-MMA molecule was then investigated as a model of the
propagation step of the LPP. This step was computed to occur with a low activation barrier (AE*: 6.7 kcal/mol),
similar to that determined for the initiation step. This reaction also proved thermodynamically favored (PSKA-
2, AE: -9.5 kcal/mol), but to a smaller extent compared to the first step.”
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Figure 10. Energy profile (AE in kcal/mol) computed at the M06-2X(SMD-toluene)/6-311++G**//M06-2X/6-
31G** level. Initiation and propagation steps of MesSiNTT./TTMPP catalyzed polymerization of MMA and plausible
inter-conversion between the pre-organized complex and FLP 5.

CONCLUSION

The Lewis pair-mediated polymerization (LPP) of MMA can be directly initiated at room temperature
in toluene using different commercial phosphines (P'Bus, P"Buz or TTMPP) in conjunction with a simple silane,
namely and specifically, MesSiNTf,, rather than Me;SiOTT, as demonstrated by a joint experimental-theoretical
approach. When probing the LP combining TTMPP and MesSiNTf; in more details, the interaction between the
phosphorus and the silicon centers appears to be weak, so that the resulting P-silyl phosphonium adduct may be
in equilibrium with the corresponding FLP. In other words, the P-silylphosphonium behaves as a masked FLP
in solution. As a matter of fact, this FLP represents the active form for the activation of MMA, and for the
initiation step of the polymerization as well. The ensuing phosphonium silyl ketene acetal then propagates the
polymerization via a dual/cooperative mechanism, by successive 1,4-conjugate additions onto the monomer
activated by the Lewis acid. DFT calculations have highlighted the dual nucleophilic / electrophilic activation
on both the kinetic and thermodynamic of the first addition of MMA. Thus, two equivalents of MesSiNTf, are
required, in agreement with experimental and theoretical studies. The combination of TTMPP with MesSiNTf,
affords an unprecedented fully organic LP/FLP that allows achieving well-defined PMMA’s under mild
conditions, i.e. in toluene at 25 °C, with molecular weights increasing linearly with the initial
[MMA]W/[TTMPP], ratio. These results also extend the scope of LPP, by introducing metal-free LP/FLP
incorporating a weak Lewis acid and a simple phosphine, which combines relatively high activity and good
chemoselectivity. Future work will focus on phosphine/silane-mediated LPP of different monomers, as well as
on the investigation of novel LP’s/FLP’s for polymer synthesis.
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