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Abstract:

The ring-opening polymerizations of y-methyl substituted six- and seven-membered ring
cyclic carbonates, namely trimethylene carbonate (TMC-yMe) and the one-carbon larger
homologue tetramethylene carbonate (7CC-yMe), using [(BDI™)Zn(N(SiMes).)] (BDIP" = 2-
((2,6-diisopropylphenyl)amido)-4-((2,6-diisopropylphenyl)-imino)-2-pentene) as catalyst
precursor, in the presence of benzyl alcohol (BnOH) as initiator, have been investigated by
means of density functional theory (DFT) calculations. This computational study highlights
that the zinc-alkoxide catalyst obtained via alcoholysis of the Zn-N bond of
[(BDI™)Zn(N(SiMes)2)] by HOBn, leading to the replacement of N(SiMes)2 by an —OBn

alkoxide with concomitant release of HN(SiMes), is very active. For both TMC-yMe and
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7CC-yMe, the initiation and the propagation steps occur according to a three-step process:
first, a nucleophilic attack of the alkoxide group followed by the ring-opening of the
tetrahedral intermediate and finally the decoordination of the carbonate arm. In the methyl-
substituted monomers, the presence of a stereogenic center and, more importantly, the
dissymmetry of the monomer raise issues of the stereo- and regio-selectivity during the ROP
process. In agreement with experimental results, for both carbonates, the relative Gibbs-free
energies of the intermediates and the activation barriers involved in the ROP of both
enantiomers (R and S) are very close, which is consistent with the formation of atactic
polymers. In the same way, due to the presence of the y-methyl substituent, two different
products can be obtained upon cleavage of the acyl-oxygen bonds during the initiation step,
and four different products during the propagation step. For both 7CC-yMe and TMC-yMe,
computations indicate preferential ring-opening at the most hindered oxygen—acyl O:—C(0)O
bond, i.e. the one closest to the Me substituent, in agreement with the regioselectivities
experimentally observed. The relaxation of the steric constraints inside the growing polymer
chain appears to be an important feature. From a thermodynamic point of view, the overall
polymerization process is exergonic (7CC-yMe) or almost athermic (TMC-yMe), in
agreement with the easier polymerizability of seven- vs. six-membered carbonate rings, as

also observed with unsubstituted carbonates.
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1. Introduction
Aliphatic polycarbonates have attracted much academic and industrial interest, especially
over the last decade. Owing to their biocompatibility and biodegradation, this class of
polymer has found applications in the biomedical and pharmaceutical domains.! Aiming at
green and environmentally friendly synthesis of polymers, efforts have been recently
dedicated to develop polycarbonate materials from the biomass.2® In particular, glycerol, as
well as bio-based acids such as levulinic or itaconic acids, have been valorised towards the
preparation of (functionalized) cyclic carbonate monomers. Furthermore, in order to comply
with specific targeted thermo-mechanical properties, and/or to enable vectorization of
biologically active molecules, functionalization of carbonate and subsequently of
polycarbonate structures is also highly desirable.* Within this general context, we have been
investigating the “‘immortal” ring-opening polymerization (iROP) of unsubstituted and
substituted six- and seven-membered ring cyclic carbonates, namely the ubiquitous
trimethylene carbonate (TMC) and the one-carbon larger homologue tetramethylene
carbonate (7CC), along with their corresponding y—methyl substituted analogues (TMC-yMe
and 7CC-yMe; Figure 1).567 In the latter methyl-substituted monomers, the presence of a
stereogenic center and, more importantly, the dissymmetry of the monomer raise issues of the
stereo-/regio-selectivity during the ROP process. In fact, microstructural analyses by *H and
13C NMR spectroscopy of the polymers produced from the ROP of TMC-yMe and 7CC-yMe
mediated by the amido zinc B-diketiminate complex [(BDI™)Zn(N(SiMes))] (BDIP" = 2-
((2,6-diisopropylphenyl)amido)-4-((2,6-diisopropylphenyl)-imino)-2-pentene) revealed in
both cases the preferential ring-opening at the most hindered oxygen—acyl O;—C(O)O bond,
i.e. the one closest to the y-Me substituent. ° In fact, due to the dissymmetry induced by the
presence of the y-methyl substituent, two different products can be obtained by the cleavage
of the acyl-oxygen bonds (Figure 2). Cleavage of the most hindered oxygen—acyl

01—C(0O)(O) bond leads to a growing polymer chain carrying a methyl group at the o position
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with respect to the oxygen atom coordinated to the metal centre and therefore in & position of
the oxygen atom of the carbonate ester group for 7CC-yMe, or respectively in o and vy
positions with respect to the same oxygen atoms for TMC-yMe. On the other hand, cleavage
on the less hindered oxygen—acyl O>—C(O)(O) bond leads to a growing polymer chain
carrying a methyl group at the & position with respect to the oxygen atom coordinated to the
metal centre and therefore in a position of the oxygen atom of the carbonate ester for 7CC-

yYMe, or respectively in y and a positions with respect to the same oxygen atoms for TMC-

yMe. This nomenclature has been used in the following.

(@) (R)-7CC-yMe  (b) (S)-7CC-yMe (c) (R)-TMC-yMe (d) (S)-TMC-yMe
Figure 1. Optimized structures of the two enantiomers of a-methyl-substituted trimethylene

(TMC-yMe) and tetramethylene (7CC-yMe) carbonates.

Combination of experimental and computational investigations allows getting deeper
insights and understanding into the ROP mechanism of unsubstituted TMC and 7CC mediated
by [(BDI"P)Zn(N(SiMes)2)].2 The present DFT study evaluates the contribution of a “simple”
v-alkyl substituent, namely a y-methyl, onto a TMC or 7CC frame, on the energetics of the
ROP mechanism mediated by zinc B-diketiminate complexes [(BDI™)ZnX] with X =
N(SiMes)2,0Me, OCH2Ph (OBn), from in silico insights and in light of the experimental data

we previously reported.>5.78
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Figure 2. Possible regioselectivities for the ROP of TMC-yMe and 7CC-yMe.

2. Methodological Details

All calculations were performed with Gaussian 03.° Calculations were carried out at
the DFT level of theory using the hybrid functional B3PW91.1° Geometry optimizations were
achieved without any symmetry restriction. Calculations of vibrational frequencies were
systematically done in order to characterize the nature of stationary points. Stuttgart effective
core potentialst! and their associated basis set were used for zinc. Silicon, nitrogen, hydrogen,
carbon and oxygen atoms were treated with 6-31G(d,p) double-{ basis sets.!? The electron
density and partial charge distribution were examined in terms of localized electron-pair
bonding units by using the NBO program implemented in Gaussian 03.1* ROP reactions of
those cyclic carbonate monomers have been experimentally conducted either in neat
monomer or in toluene solution (both leading to quite similar results), that is with the same
solvent in which the monomeric (mononuclearity) nature of the initiator species was
established. Here, computations have been carried out in the gas phase, which is reasonable

considering that toluene was not previously shown to interact with the active species.

3. Results and Discussion
The ROP of a cyclic carbonate initiated by [(BDI™)Zn(N(SiMes)2)], possibly

combined with an alcohol as a co-initiator/chain transfer agent,’ is assumed to proceed via a
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coordination-insertion mechanism.>4 This latter route involves three steps. First, the “active”
function (X = N(SiMez)> or an alkoxide initiator generated in situ, vide infra) performs a
nucleophilic attack onto the activated carbonyl group of the coordinated monomer®. This
reaction is followed by the cleavage of the oxygen-acyl bond, i.e., a spontaneous ring-
opening with the concomitant decoordination of the carbonate arm from the metal centre. In a
previous work, we have demonstrated, based on the study of the reactivity of the zinc amido
precursor, that the successful ROP of cyclic esters mediated by [(BDIP")Zn(N(SiMes)2)]/ROH
(Figure 3a) originates from the in situ formation of an active alkoxide species,
[(BDIP)Zn(OR)] (Figures 3b-c).® Indeed, the high energetic cost of the nucleophilic attack
step found with the zinc amido precursor indicates that the ROP reaction cannot be mediated
by this species. In the same study, we have also shown that the [(BDI™)Zn(OBn)] complex
can be safely simplified for DFT computations upon replacing the benzyloxy (Figure 3c) by a
methoxy moiety (Figure 3b). This modelling strategy was found not to alter either the
nucleophilic character of the alkoxide ligand or the structure of the zinc complex, thus
suggesting that it should not affect the reactivity of the complex. Therefore, in order to save
some computational time, the following discussion is limited to the use of the zinc methoxide
initiating species in the ROP of the TMC-yMe and 7CC-yMe cyclic esters. Similarly, for the
sake of clarity, the study of the ROP reaction of those cyclic carbonates promoted by
[(BDIP)Zn(OMe)] is analysed separately in the following subsections. The ROP mechanism
of 7CC-yMe is first discussed, followed by that of TMC-yMe. Note that the last
termination/deactivation step has not been investigated since end-capping of the recovered

polymer by the alkoxide (OR", R = Bn, Me) is expected.



b) [(BDI)Zn(0BN)]
¢) [(BDIP)Zn(OMe)]
Figure 3. Optimized structures of the [(BDI™)Zn(N(SiMes)2)] precursor, the real active

species [(BDI™)Zn(0Bn)], and the simplified model [(BDI")Zn(OMe)] complex.

3.1. Ring-opening polymerization of a-methyl-substituted tetramethylene carbonate

Initiation Step of the ROP of 7CC-yMe.

The gamma substitution of one hydrogen atom by a methyl group induces two
enantiomeric (R)- and (S)-7CC-yMe compounds (Figures 1a-b). Because of the prochirality of
the carbon atom of the C=0 group, two different enantiofaces, re and si, are identified in the
(R)- and (S)-7CC-yMe monomers, which are hereafter referred to as 7CC-y(R,re), 7CC-
v(R,si), 7CC-y(S,re) and 7CC-y(S,si), respectively (Figure 4). For the sake of a tractable
analysis, the study of the ROP of both enantiomers is delineated separately (starting with the
(R)-7CC-yMe enantiomer). For each re and si enantioface, the initiation step of the ROP of

7CC- v(R) mediated by [(BDI™)Zn(OMe)] has been computed.



(a) 7CC-y(R,re) (b) 7CC-y(S,re) (c) 7CC-y(R,si) (d) 7CCy(S,si)

Figure 4. Representation of the re and si enantiofaces of (R)- and (S)-7CC-yMe monomers.

The free Gibbs energy profile of the initiation step of the ROP of 7CC-y(R,re) is
depicted in Figure 5. A view of the different transition states and intermediates is available in
Figures 6 and 7 and the key geometrical parameters are summarized in Table S1. The reaction
begins by the formation of an endergonic l7ccrre) adduct (Figure 6a) with a Gibbs-free
energy of 11.8 kcal.mol-! with respect to the entrance channel, which corresponds to the loss
of entropy upon coordination of 7CC-y(R,re) to the zinc centre. Subsequently, from lzccy®re),
the nucleophilic attack of the methoxy group onto the carbonyl carbon Cco of the re
enantioface of 7CC-y(R) takes place via transition state TS(l7cc-yrre) — H%ccy®re) (Figure
6b), yielding a second intermediate 11°%cc.rre) (Figure 6¢). The activation energy for this
nucleophilic attack, calculated to be +4.1 kcal.mol-! above lzccyrre) (+15.9 kcal.molt with
respect to the entrance channel), corresponds to a kinetically accessible process. The
formation of 11°%ccyrre) is found to be endergonic with respect to the separated reactants
(+5.8 kcal.mol™) but slightly exergonic (-6.0 kcal.mol™) with respect to adduct lzcc-y®pre).
From a geometrical point of view, for TS(l7cc-y®re)— H>*7ccrre), @ pyramidalization of the
Cc=o carbon (355°) is observed, i.e., a rehybridization from sp? to sp® of Cc-o, so that the
resulting sp® acceptor orbital points towards the oxygen atom of the methoxy group leading to
the formation of a Cco—Oowme single bond in 11°%ccyr re). At 11%%ccyrore), the Zn—Oco distance
is shortened compared to l7cc-yrre) and the Cco—Oco distance is elongated, which is coherent

with the presence of a single bond between Cco and Oco. It is also noteworthy that, compared
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to lzccorre), the Zn—0O: distance (O1 corresponding to the endocyclic oxygen atom in a
position with respect to the substituted Cve atom; see Figure 2) is elongated, while the Zn-0;
distance (O corresponding to the farthest endocyclic oxygen atom with respect to the
substituted Cwe atom) is shortened. The second-order perturbation NBO analysis revealed the
presence of a stabilizing interaction between the endocyclic oxygen atom O» and the metal
centre (donation from a lone pair of the oxygen atom towards an empty p orbital of zinc).
Subsequently from 11°%ccryre), as aforementioned (Figure 2), two pathways, leading to a
growing polymer chain carrying a methyl group at the d position with respect to the oxygen
atom coordinated to the metal centre and therefore in o position of the oxygen atom of the
carbonate ester group (IV®*ccyr), Figure 7d), or conversely in a and § position with respect
to the same oxygen atoms (IV*®7cc.yr), Figure 7j), are possible. The formation of 1V%%cc.yw),
from 11%%ccwrre), involves the transition state TS(H%%7ccyrrey—111%%ccyrre) (Figure 7a)
which lies 8.5 kcal.mol! above 11°%ccyrre (+14.3 kcal.mol™ above to the separated
reactants). This transition state corresponds to the cleavage of the acyl-O, bond, i.e., a
spontaneous ring-opening of the 7CC-y(R,re) cycle. Following the intrinsic reaction
coordinate, TS(11%*ccyrre)—111°%ccyrre)) leads to the thermodynamically unstable
intermediate 111%%ccyryre) (Figure 7b) which lies +5.5 kcal.mol™ above 11%%ccywrre) (+10.3
kcal.mol™* with respect to the entrance channel). In this intermediate, the y-substituted 7CC
ring is completely opened (Cco—-Oz = 2.57 A). The Cco—Oco distance is also shortened, which
highlights the relocalisation of a double bond between these two atoms. The Zn-O; distance is
also shortened while the Zn—Oco distance is elongated, which indicates that the intracyclic
oxygen atom ensures the coordination to the metal centre. The last step concerns the
relaxation of the growing polymer chain that essentially consists in the decoordination of the
carbonate arm. This process takes place through the transition state TS(111%%cc-
wRre—1V®%ccyr) (Figure 7c¢), leading to the final slightly exergonic 1V®*ccyr) product,
with a Gibbs-free energy of —1.0 kcal.mol™* with respect to the entrance channel. The

9



decoordination of the carbonate arm occurs via a low energy process with an activation
barrier calculated to be +0.4 kcal.mol? with respect to 111%%cc.yrre) (+10.7 kcal.mol with
respect to the separated reactants). In 1V®ccyr), the exocyclic oxygen is no longer
interacting with the metal center and the coordination of the carbonate ester arm to the metal
centre is ensured by the endocyclic oxygen O». Therefore, the nucleophilic attack is, as

observed above, the rate-determining step of an overall facile reaction.
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Figure 5. Calculated free-energy profile of the initiation step of the ROP of 7CC-y(R,re)
mediated by [(BDI™")Zn(OMe)]. In order to differentiate the two alkoxy oxygen atoms of the
carbonate ester functional group, the oxygen atom closest to the substituted carbon atom is

labelled O1; the other oxygen atom is then labelled Oa.

As aforementioned, from 11°%cc. yryre), it is also possible to form a growing polymer
chain carrying a methyl group in ad position (IV®7cc.w). The formation of this alternative
growing polymer chain results from the tilting of the 7CC-y(R,re) monomer which leads to
the Zn—01 interaction and to the loss of the Zn—O interaction. The tilting reaction takes place
via transition state TS(11°%cc-yrrey—11%7ccyrre)) (Figure 7). The activation energy for this
step is calculated to be +10.4 kcal.mol* above 11°%ccyrre) (+16.2 kcal.mol! above the

entrance channel).
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c) 115«
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a) lyccyRore) b)Ts

Figure 6. Optimized structures of the complexes involved in the nucleophilic attack step of
the ROP of 7CC-y(R,re) mediated by [(BDI™Zn(OMe)]. In order to differentiate the two
alkoxy oxygen atoms of the carbonate ester functional group, the oxygen atom closest to the

substituted carbon atom is labelled O; the other oxygen atom is then labelled Oo.

This transition state leads to the adduct 1®7ccrre) (Figure 7f), calculated to be
endergonic by +14.4 kcal.mol* with respect to the entrance channel (+8.6 kcal.mol? with
respect to 11°%7ccyryre). For this intermediate, the Zn-O; distance is elongated whereas the
Zn-0; is shortened in good agreement with the tilting motion. The formation of a Zn-O;
interaction induces an increase of the steric repulsion between the methyl groups of the 7CC-
v(R,re) (in o position of O; and of the methoxy moiety) and the B-diketiminate ligand, which
explains the stability difference between 11%%ccyrre) and 1H%ccqrre) as well as the
elongation of the Zn—Oco distance. Subsequently from 1%7cc.y®rpre), as for H¥%7ccyrre), the
ring-opening step takes place through an accessible transition state TS(11%%7cc-yrre)— H1%7cc-
+®re) (Figure 7g), which lies +15.7 kcal.mol* above the entrance channel and +1.3 kcal.mol
with respect to 11%7ccyrore). This transition state leads to the formation of an unstable 111%%7¢cc.
/Rre) intermediate (Figure 7h) located at +6.5 kcal.mol™ with respect to the separated
reactants. From geometrical considerations, for TS(11%7ccoyrre—111%7ccyRrre),  the
endocyclic oxygen O: interacts with the metal centre whereas the exocyclic oxygen Oco

moves away. These coordination changes lead to the partially opened 7CC-y(R,re) ring, as
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shown by the increase of the Cco—O: distance. At the stage of 111%7cc.yryre), the 7CC-y(R,re)
is fully open. As for 111°%ccyryre), the hybridization of the Cco carbon changes from sp® to
sp?, as indicated by its planarity (sum of angles around Cco = 360°). The Cco—Oco distance is
shortened, thus supporting the relocalization of a double bond between these two atoms.
Finally, the same decoordination process occurs via an accessible transition state TS(111%%7cc.
/Rre—1V®7ccym) (Figure 7i) located at +2.8 kcal.mol™ with respect to 111%%ccyrre (+9.3
kcal.mol™ with respect to the entrance channel). The formation of the final product
IV®ccq®) is a slightly exergonic process, as for 1V3%ccr). Thus, the two considered
pathways leading to a growing polymer chain carrying a methyl group in da or ad position are

competitive from a thermodynamic and kinetic point of view.
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Figure 7. Optimized structures of complexes involved in the initiation step of the ROP of

7CC-y(R) mediated by [(BDI™Zn(OMe)].

The Gibbs-free energy profile determined for the initiation reaction of the 7CC-y(R,si)

polymerization mediated by [(BDI"™)Zn(OMe)], in which the nucleophilic attack takes place

on the si enantioface, is presented in Figure 8.
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Figure 8. Calculated free-energy profile of the initiation step of the ROP of 7CC-y(R,si)

mediated by [(BDI™)Zn(OMe)].

It is noteworthy that the initiation reaction mediated by the nucleophilic attack on this
si enantioface eventually leads to the same two products obtained by the nucleophilic attack
on the re enantioface, i.e., IV®ccy®r and 1V®%ccyr). The overall energy data and the
geometrical parameters (Table S1) for this initiation step are similar to those obtained starting
by the nucleophilic attack on the re enantioface. The reaction begins with the formation of an
endergonic lzccyrsiy adduct (Figure 9a), with a Gibbs-free energy of 10.4 kcal.mol with
respect to the separated reactants. For lzcc.(rsi) (as for lzcc(rre), the carbonate monomer is
coordinated to the zinc atom by its exocyclic oxygen atom. The nucleophilic attack of the
oxygen atom of the methoxy moiety onto the carbonyl carbon of 7CC-y(R,si) proceeds
through an accessible transition state TS(lzccy(rsi) =11%®ccy(rsi)) located at +15.4 kcal.mol™
with respect to the entrance channel (+5.0 kcal.mol™ with respect to lzccorsiy). The
corresponding activation barrier (+5.0 kcal.mol™ with respect to lzccyrsi) adduct) is close to
that computed for the nucleophilic attack on the re enantionface (+4.1 kcal.mol™ above the
I7ccyrre) adduct; Figure 5). This transition state leads to adduct 11%7cc.yrssiy, calculated to be
endergonic by +8.8 kcal.mol™ with respect to the separated reactants. In this case, and

conversely to the nucleophilic attack on the re enantioface, the nucleophilic attack leads to an
14



ad adduct and not to an Sa adduct. The formation of 11%%cc.rsi) iS endoergic by +3.3
kcal.mol-! with respect to 11%7ccrsi). The formation of this adduct takes place via an
accessible transition state TS(H%7ccyrsiy— 1%%ccyrsiy) located at +5.4 kcal.mol™ with
respect to H%7ccqyrsi). At 11%%ccqrsi), the formation of a Zn-O; interaction leads to the
partially opened 7CC-y(R,si) cycle, as evidenced by the increase of the Cco—O> distance from
1.402 A for 1%7ccrsiy to 1.568 A for 11%%cc.rsi), Which explains the stability difference

between both adducts.
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Figure 9. Optimized structures of lzccoywsi), 1%7ccyrsiy and 1°%7ceyrsi)-

From 1%7ccrsiy and 11%%ccyrsi), the reaction continues via either TS(I1%%7cc.
yRsiy— 11%7ccqrsi) OF TS(HP%7ccwsiy— 111°%ceyrsi), respectively, that corresponds to the
acyl-oxygen bond cleavage of the 7CC-y(R,si) cycle, with similar activation barriers, around
+12.2 kcal.mol™ with respect to the separated reactants. These transition states lead to the
formation of two endergonic intermediates 111%7ccyrsiy and H1%%ccyrsiy, respectively, by
+8.1 and +4.6 kcal.mol with respect to entrance channel. In both cases, the 7CC-y(R,si) ring
is completely opened (Cco—O distances of 3.512 and 2.772 A for 111%ccyrsiy and 1H1%%7cc.
/Rsi), respectively) and the intracyclic oxygen atom, Oi1 for 11%ccrsy and Oz for
11%%ccyrsi), ensures the coordination to the metal center (Zn—Oinra distances of 1.875 and
1.878 A and Zn-Oco distances of 2.262 and 2.261 A for 111%7cc sy and 11%%7ccyrsi,
respectively). The last step concerns the relaxation of the growing polymer chain that

essentially consists in the decoordination of the carbonate arm yielding to 1V®7ccy®) and
15



IV%ccqm). The activation energy for this reaction is calculated to be +12.6 and +6.0
kcal.mol? above the entrance channel for TS(IH1%7ccyrsiy—1V®7ccyr®) and TS(H1%%cc.
«Rsi—=1V®%ccyr), respectively. As for the nucleophilic attack on the re enantioface, the
computed low barriers are in line with a kinetically readily accessible and exergonic process.
Thus, the formation of the final products 1V*7ccr) and 1V®%ccqr) can take place through
two plausible pathways with or without a tilting motion step. From the kinetic point of view,
the formation of the two products is found to be exergonic with similar activation barriers.
However, the calculations suggest that the rate-determining step is the nucleophilic attack,
indicating that the tilting step would not play a crucial role on the formation of the final
products. On the basis of this theoretical finding, we have not considered the reaction
pathways involving the tilting motion for the study of the nucleophilic attack of the carbonate
ester arm (i.e., first growing polymer chain) of IV®ccyr and 1V3ccywr On both

enantiofaces of a second 7CC-y(R).

Table 1. Comparison of the relative Gibbs-free energies (kcal.mol?) of the intermediates and
transition states in the initiation reaction of the ROP of 7CC-y(R,re), 7CC-y(R,si), 7CC-y(S,re)
and 7CC-y(S,si). The labels I to IV refer to the intermediates and transition states shown in

Figures 5 and 8.

Monomer 7CC+y(R) 7CC-y(S) 7CCy(R) 7CC-y(S)

Considered Enantioface re re si si

Nucleophilic attack

lzce 11.8 134 lcc 104 13.0

TS(l7cc— 11%%¢c) 15.9 18.1 TS(l7cc—1%7¢c) 154 20.5

11%%¢cc 5.8 9.9 1% 8.8 7.6
Ring-opening
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TS(l 15%cc — 11 |5“7cc)
H1%%¢c
TS(I 1900 — | 1%%7¢c)

1%

TS(' 19,0c — 11 |“57cc)

H1%7¢c

TSI 1300 — |V5°‘7cc)
1\V39cc
TS(%7cc — 1V®5ec)

1V®cc

14.3

10.3

16.2

14.4

15.7

6.5

16.7

12.6

21.3

13.2

23.4

12.1

TS(I 198700 — 11 |a57cc)

11%97¢c

TS(I 1970c — | |6“7cc)

115%%¢c

TS(| 1900 — 11 |8“7cc)

1%

Arm decoordination — chain relaxation

10.7

-1.0

9.3

-1.9

12.8

1.6

13.6

-1.7

TS(IH %8700 — |V°‘87cc)

IV®cc

TS(I1 1900 — |V§°‘7cc)

1V3%cc

12.3

8.1

14.2

12.1

12.4

4.6

12.6

-19

6.0

-1.0

17.7

9.3

15.9

13.7

14.6

75

10.8

-1.7

9.7

1.6

The relative Gibbs-free energies of the intermediates and the activation barriers
involved in the initiation reaction of 7CC-y(R) and 7CC-y(S) ROP are also very close (Table
1). In all cases, the formation of the final a6 and da products is predicted thermodynamically
exergonic and kinetically accessible. For the sake of clarity, due to the similarity between the
relative Gibbs-free energies of the intermediates and the activation barriers of the ROP of

7CC-y(R) and 7CC-y(S), the following discussion about the insertion of a second 7CC-y(R)

moiety has been limited to 1V*7cc.r) and 1V¥7ccy).
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Propagation step of the ROP of 7CC-yMe.

The second carbonate insertion, corresponding to the first propagation step, has been
computed in order to get a deeper insight into the ROP of y-substituted tetramethylene
carbonates (7CC-y(R)). The energy profile computed for the first propagation step is depicted
in Figure 10. In each case, the Gibbs-free energies for intermediates and transitions states
(kcal.mol~?) are relative to the total Gibbs-free energies of reactants (i.e., [(BDIP)Zn(OMe)]
+ 2 7CC-y(R)). The optimized structures of the relevant stationary points of the potential

energy surface and pertinent bond lengths are shown in Figures 11, S1 and S2.

AG° 23.0

......

(kcal.mol )

ab,ad
V7CC~v(R)

.......

.......

N ab,a8 g4 W

VI7CC—v(R) A2 e N
ba,ba
7CC-y(R)

......

v”u(),{au
R)-7 Me /) seried A V/|6a.6a \ 7CCYR) - X
(R)-7CC-y ?_ 1./ e P 45 CCv(R) N, 519) |, e oemnmaen :\7,2

.....

ab,ad 5.7‘\‘ LELE A5 3
V”7CC-V(R)

abd,ba
7CC-y(R) ba,ab
7cCy(R) 2.5
\/||6e.6a
7CC-y(R)

[(BDI™MZn(Meo)] * (R)-7CCvMe 7

- 6a 4
2 x (R)-7CC-yMe v reeviRy

0.0 = 1.0
(R)-7CC-yMe == -1.9 X
IV7CC-v(R) Nasaaa \V1]159.6a

+ (R)-7CC-yMe

T ab,ad
o VINSEES o
-3.9

6.4 < VIseed
vIng:

7CC-y(R)

A

- > L.
> F i 3

Nucleophilic Attack Ring-opening Arm decoordination

Figure 10. Calculated Gibbs-free energy profile of the propagation step of the ROP of 7CC-
v(R) mediated by [(BDI™)Zn(OMe)]. Black lines correspond to the propagation step mediated
by IV®:cc.r); Red lines to the propagation step mediated by 1V®%cc.r); Solid lines leading

to a final da product; Dashed lines leading to a final ad product.

The reaction mechanism for this second step is similar to the one of the initiation step.
For each of the two products 1V®7ccr) and 1V%cc.r), two pathways have been explored,

leading to a growing polymer chain carrying a methyl group at the 6 position with respect to
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the oxygen atom coordinated to the metal centre and therefore in a position of the oxygen
atom of the carbonate ester group (VI112%%%ccyr) Figure 11a and VI11°%%;cc.,r) Figure 11b),
or in a and & position with respect to the same group of oxygen atoms (V111%%%cc.,x) Figure
11c and VIH*%;cc..ry Figure 11d). The coordination of a second 7CC-y(R) onto 1V®ccyr)
and 1V%%ccr) proceeds through the coordination of 7CC-y(R) to the zinc centre by its
exocyclic oxygen atom. These coordination modes are predicted to be endergonic between
+7.7 and +10.5 kcal.mol for adducts to IV®%ccymr (V®%%ccym and V3%%ccw),
respectively) and between +15.2 and +15.9 kcal.mol~* for adducts to 1V®7ccy®) (V2*®rccqr)
and V*%;cc.,w), respectively), with respect to the entrance channel. This difference can
easily be explained considering the lower steric hindrance around the metal centre imposed by
a methyl group in da position (V**¥%cc.,®) and V**¥%cc.,r)) as compared to a methyl group
in ad position (V3“®;ccyr and V*®;cc,r). The reaction then proceeds through the
nucleophilic attack of the oxygen atom of the growing alkoxide chain onto the carbonyl
carbon (Cco) of the coordinated 7CC-yR monomer, through either TS(V®%%cc.
YyR—=VIccqwm), TSV ceym— VI ccam), TSV Crecq@—VI%®rceqr)  OF
TS(V®%;ccym—VI%%ccyw). From a kinetic point of view, the activation barriers for this
process are close in energy ranging from 7.1 to 9.1 kcal.mol-! with respect to the
corresponding adducts, and from 16.8 to 23.0 kcal.mol~ with respect to the entrance channel.
Similar geometrical features are observed in all four cases going from the adduct to the four-
membered metallacycle transition state. In particular, the pyramidalisation of the 7CC-y(R)
carbonyl carbon in order for the empty sp® orbital to point towards the oxygen atom (O1 or
0>) of the alkoxide growing chain, as well as the decrease of the Zn—Oco distance by around
0.15 A with the concomitant elongation of the Oco—Cco and Zn—-01 or Zn—-O2 bond lengths by
0.02 and 0.1 A, respectively, are relevant. The formation of the resulting intermediates,
VI99%cc Ry, VIB¥% 0wy, VIB®ccm) and VI®®ccr), as for the initiation step, are

predicted to be exergonic with respect to the previous adducts, but remains endergonic with
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respect to the separated reactants, between +6.5 and +11.1 kcal.molt. From these
intermediates, the ring-opening of the seven-membered heterocyclic rings takes place, leading
to the formation of VI1%%%ccr), VIIP*%ccy®), VIIP*®7ccyr) and VI®™®ccr) through
the corresponding transition states TS(VI®%%cc,®—VH™%ccyrm), TS(VIP¥%cc
/) —>V||6“’5°‘7cc-y(R)), TS(VIS“’“Smc.y(R) —>V||6°"°‘67cc-y(R)) and TS(V|“6’“67cc-y(R) SV 808,
,®). The activation barriers for this step are 18.0 kcal.mol (TS(VI®®*®cc.y@y— V"% 7cc.
«®)) and 16.4 kcal.mol™t (TS(VI®¥cc.,ry—VIH™%%cc.,w)) when the cleavage of the
acyl-oxygen bond takes place on the most hindered oxygen—acyl O'1—C(O)(O) bond
compared with 12.2 kcal.mol! (TS(VI°*%%¢ccym—VII1°“%ccyr)), and 12.1 kcal.mol
(TS(VIP%%cc.,m—VI%%cc.®))) When the cleavage takes place on the less hindered
oxygen-acyl O'>—C(0O)(O) bond. This process, as for the nucleophilic attack, is exergonic
with respect to the previous intermediates, but remains endergonic with respect to the
entrance channel, between 2.5 and 5.9 kcal.mol. The resulting intermediates are
characterized by the formation of Zn—O bond between the metal centre and the endocyclic
oxygen atom (O for VI®%% e,y and VH®™%cc,ry or O% for VII*%cc g and
VI1%%%cc.®) involved in the cleaved O'x-C(0)(O) bond (x = 1 or 2), which ensures the
coordination of the alkoxide growing chain to the metal centre. In all these cases, the metal
centre exhibits a distorted tetrahedral environment with the 7CC-y(R) monomer fully opened.
In the last step, the final products VIH®%%ccr), VII*%ccg), VHIP*®cc.r) and
V9%, r) are obtained by decoordination of the carbonate arm via a low energy process,
with an activation barrier calculated lower than 1.9 kcal.mol-! with respect to V11%%%¢c.yw),
V%00 Ry, VI ®ce,m) and VI®®cc.,w) (between 2.6 and 7.8 kcal.mol™ with respect
to the separated reactants). The formation of these final products is a slightly exergonic
process, between 2.0 and 5.0 kcal.mol-* with respect to 1V®7ccyr) and 1V3%ccywr), giving an

overall propagation step exergonic between 3.9 and 6.4 kcal.mol-! with respect to the
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separated reactants. According to this energy profile, the nucleophilic attack corresponds to
the rate-limiting step. Analyzing in more detail the preferred kinetic pathway, it is noteworthy
that the four transition states of the nucleophilic attack are quite similar within the precision
of the computational method (ca. 5 kcal.mol1). 17 Thus, the four considered pathways leading
to a growing polymer chain carrying methyl groups in (da))(da), (da)(ad), (ad)(da) or (ad)(ad)
positions are competitive in a thermodynamic and kinetic point of view. These computational
findings on the ROP of 7CC-y(R,re) and 7CC-y(R,si) mediated by the zinc alkoxide complex
[(BDIP)Zn(OMe)], highlighting the competitive decoordination of the opened carbonate
moiety from the zinc centre upon cleavage of the ZnOC(OMe)-O> or the ZnOC(OMe)—
01(Me) bond in H®7ccyryre) and H™7ccyrsiy, can be compared to the experimental results.
Note that, experimentally, only ROP of a racemic mixture of the two enantiomers, i.e. (R,S)-
7CC-yMe, has been carried out with the [(BDI™")Zn(N(SiMes)2)]/BnOH and 'PrOH catalyst
systems.%® Detailed microstructural *C{*H} NMR analyses of the poly(7CC-yMe) have
evidenced some regioselectivity of such zinc-p-diketiminate alkoxide systems. At 20 °C, the
preferential ring-opening of the 7CC-yMe actually proceeds at the most hindered oxygen—acyl
01—C(0)O bond, i.e. the one closest to the Me substituent. The degree of regioselectivity
(Xreg, theoretically varying from O (non-regioselective) to 1 (fully regioselective)), reflecting
the affinity of these given zinc-BDI based catalyst systems to promote the Oi;—acyl vs. O>—
acyl bond rupture, was also shown to decrease with increasing temperature, with Xreg = 0.71 at

20 °C and 0.51 at 60 °C.*
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Figure 11. Optimized structures of the propagation products of the ROP of 7CC-y(R)
mediated by [(BDI™)Zn(OMe)]. In order to differentiate the two alkoxy oxygen atoms of the
carbonate ester functional group, the oxygen atom closest to the substituted carbon atom is

labelled O’1; the other oxygen atom is then labelled O’>.
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3.2. Ring-opening polymerization of j-substituted trimethylene carbonate

Initiation Step of the ROP of TMC-yMe.

Experimentally, ROP of a racemic mixture of the related y-methyl-substituted six-
membered ring TMC-yMe with [(BDIP)Zn(N(SiMes)2)]/BnOH proceeds, as for 7CC-yMe,
with significant regioselectivity at the most hindered oxygen—acyl bond (Xreg > 0.98).6> A
similar theoretical study was carried out. As for 7CC-y(R) and 7CC-y(S) compounds, the
y-substitution of one hydrogen atom of TMC by a methyl group leads to two enantiomers,
TMC-y(R) and TMC-y(S). In the same way, due to the prochirality of the carbon atom of the
C=0 bond, two enantiofaces, re and si, exist for both TMC-y(R) and TMC-y(S) (Figure 12).
The initiation step of the ROP has been computed considering each enantioface, i.e., TMC-

v(R,re), TMC-y(R,si), TMC-y(S,re) and TMC-y(S,si).

(a) TMC-y(R,re) (b) TMC-y(S,re) (c) TMC-y(R,si) (d) TMC-y(S,si)

Figure 12. Representation of the re and si enantiofaces of TMC-y(R) and TMC-y(S)

enantiomers.

In the present case, similarly to 7CC-y(R), the relative Gibbs-free energies of the
intermediates and the activation barriers involved in the initiation reaction of the TMC-y(R)
and TMC-y(S) ROP are very close (Table S2). According to this finding, only the ROP of

TMC-y(R) mediated by [(BDI™)Zn(OMe)] is next addressed. Thus, we have considered the
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nucleophilic attack on the re and si enantiofaces of TMC-y(R) and the tilting motion step from
each nucleophilic attack product leading to four distinct pathways (Figure 13). The optimized
structures of intermediates and transition states relevant for the initiation step of the ROP of
TMC-y(R) are presented in Figures 14, 15 and 16. The key geometrical parameters are

summarized in Table S4.
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Figure 13. Calculated free-energy profile of the initiation step of the ROP of TMC-y(R)

mediated by [(BDI™Zn(OMe)].

Similarly to the case of 7CC-y(R), the reaction begins in both cases with the formation
of adducts, Itmcyryre) and lItmc-y(rsi), endergonic by +10.7 and +11.0 kcal.mol ™, respectively,
with respect to the separated reactants. The coordination of the TMC-y(R) molecule is similar
to that found with 7CC-y(R), i.e., the TMC-y(R) monomer is coordinated to the zinc atom by
its exocyclic oxygen atom (Zn-Oco distances around 2.26 A). From these adducts, the
nucleophilic attack of the methoxy moiety to the carbonyl carbon Cco can take place either on
the re (TS(ltmcoy®re) =" tMy®Rre))) OF the si (TS(Itmcyrsi) — Y TMcH(Rsi))) enantioface.
These attacks lead to the formation of two intermediates 1" rvc-yryre) and H*™tmcy(r;si), fOr the
nucleophilic attack on the re and si enantiofaces of TMC-y(R), respectively, with an energy
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barrier around +17.8 kcal.mol™ in both cases. The formation of 11"mvc.y®re) and H¥tvc-y(R si)
are found endergonic with respect to the entrance channel (+10.8 and +8.9 kcal.mol™?,
respectively). The geometrical similarity between both intermediates is in good agreement
with the small energy difference of these two intermediates. Indeed, in both cases, the Cco—
Oco distance is elongated with respect to Itmcorre) and ltmcyrsiy (from 1.22 to 1.34 A),
which is coherent with the presence of a single bond between Cco and Oco. In the same way,
the Zn—Oco distance is shortened from 2.26 to 1.86 A and a Cco—Oowme single bond is formed
in both cases. It is also noteworthy that, for 11"tmc-yr.re), the Zn—O1 distance is longer than the
Zn-0 distance while for 1" tmcyrsiy the Zn—Oy distance is shorter than the Zn-O. distance
in agreement with the formation of the final yo and ay products, respectively. From 11"muc-
vRre) and H%tmcorsi), the formation of the final 1V'*tmcywr) and IV®tmeywr) products
proceeds in two steps, i.e., the ring-opening followed by the concomitant decoordination of
the carbonate ester arm. The ring-opening step leads, via an accessible transition state which
liess +5.6 and +7.3 kcal.mol™ above H"tmcyrre and H*mvcyrsi, t0 an endergonic
I rmcyrrey and % vcrsiy intermediates located at +0.8 and +4.1 kcal.mol™ also with
respect to 11" rvcrre) and H*tvcyrsi). Finally, the decoordination of the carbonate ester arm
and relaxation of the opened-chain leads to the final 1V**tmcy®) and IV*tvcyr) products
located at +1.4 and +2.7 kcal.mol~! with respect to the entrance channel. This decoordination
requires a low activation barrier (+1.1 and +0.4 kcal.mol* for TS(IH"*tmcy®re)— 1V *Tme-
y®) and TS(HH%tMmcyrsy— VT TMeHR) With respect to T rvcqyrre) and T tmcy (R si),
respectively. On the basis of these results, both of these pathways represent a feasible
mechanism for the initiation reaction. Indeed, the reaction is, from a thermodynamic point of
view, a slightly endergonic process with the highest energy transition state located at +17.8
kcal.mol™! above the entrance channel, leading, as for 7CC-y(R), to an overall facile reaction.
We also examined a second possibility, in which, from H"rvcyrre) and H*tvcy(rsi), instead

of the ring-opening, a tilting motion step occurs. This step replaces the interaction between
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the metal centre and the endocyclic oxygen atom (Zn-O2 for I"*rmcorre) and Zn—0O; for
H*tmeorsiy) DY @ new interaction between the metal center and the second endocyclic oxygen
atom (Zn—0Oq for 11" tmcyrre) and Zn—02 for H*tmcorsi), 1.€., the formation of HH*tvcy(rire)
from 1" tvcoyrre) aNd 1M tmeoy R siy from 1% tmeorsiy. As for 7CC-y(R), this step is Kinetically
accessible with a low activation barrier of +3.5 and +6.0 kcal.mol with respect to
" tmeoy®re) and T vcorsi)- AlSo, the two intermediates HH*tvcyrre) and H*tmcyrsiy are
less stable by +2.7 and +3.6 kcal.mol™ compared to H"mmcy®re) and H¥mcyRsi).
Nevertheless, from H*tmcyrre) and vy rsi), the two final 1V#tmcr) and 1V *tmey(r)
products can also be obtained through a ring-opening step followed by the concomitant
decoordination of the carbonate ester arm. Detailed analysis of the activation barriers for these
two steps from H*tvcyrre) and 1 rvcy(rsi), Shows similar results to those obtained above
from 1" tMvcoyrre) @and 1™ tvmcorsiy. Thus, the two final products can result from any of the

two possible pathways (with or without a tilting motion step).
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Figure 14. Optimized structures of complexes involved in the nucleophilic attack step
of the ROP of TMC-y(R,re) and TMC-y(R,si) mediated by [(BDI®)Zn(OMe)]. The BDI
complex has been partially omitted for clarity. In order to differentiate the two alkoxy oxygen
atoms of the carbonate ester functional group, the oxygen atom closest to the substituted

carbon atom is labelled Og; the other oxygen atom is then labelled O».
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Figure 15. Optimized structures of complexes involved in the ring-opening and
decoordination arm steps of the ROP of TMC-y(R,re) mediated by [(BDI)Zn(OMe)]. The

BDI complex has been partially omitted for the sake of clarity.
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Figure 16. Optimized structures of complexes involved in the ring-opening and

decoordination arm steps of step of the ROP of TMC-y(R,si) mediated by [(BDI™")Zn(OMe)].

The BDI complex has been partially omitted for the sake of clarity.

Propagation Step of the ROP of TMC-y(R).

The second carbonate insertion, corresponding to the first propagation step, has been
computed as a representation of the polymer propagation. The energy profile computed for
the first propagation step is depicted in Figure 17. In each case, as for 7CC-y(R), the Gibbs-
free energies for intermediates and transitions states (kcal.mol!) are relative to the total
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Gibbs-free energies of reactants (i.e., [(BDIP)Zn(OMe)] + 2 TMC-y(R)). The optimized
structures of the relevant stationary points of the potential energy surface and the key
geometrical parameters of these points are shown in Figures 18, S3 and S4.
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Figure 17. Calculated Gibbs-free energy profile of the propagation step of the ROP of TMC-

v(R) mediated by [(BDI'P")Zn(OMe)].

The insertion of the second TMC-y(R) molecule, as for the initiation step, occurs
according to a three-step process: first, a nucleophilic attack of the alkoxide group followed
by the ring-opening of the tetrahedral intermediate and finally the decoordination of the
carbonate arm. As for the computed second 7CC-y(R) insertion, from each of the two
initiation products (IV'*tmcy® and 1V*tmc4r), there are two possibilities for the
propagation step. Indeed, from I\V'*tmeowr) and 1V*tvcor), the insertion of the second TMC-
v(R) molecule can lead to a growing polymer chain carrying a methyl group at the y position
with respect to the oxygen atom coordinated to the metal centre and therefore in a position of
the oxygen atom of the carbonate ester group (VI1"*"*rmcr) Figure 18a and VI 1vcy(R)
Figure 18b) or in o and y position with respect to the same oxygen atoms (VI tmcr)
Figure 18c and VHI*"*"1rycyr) Figure 18d). The first propagation step begins by the

coordination of a second TMC-y(R) monomer to IV'*tmco®) and 1V*tvc4(r), leading to the
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formation of four endergonic adducts V'*"rmcoy®), V*"tMmcor), V**1tMmcyr) and
V7% 1vc4r). The nucleophilic attack of the oxygen atom of the alkoxide growing chain to the
carbonyl carbon Cco of the second TMC-y(R) proceeds through the transition states
TS(V*"meyr)y — VI vey®), TSV mey®— VI tveyr), TSV Mme-
WR—=VI"*"meyr)  and  TS(VH tvc,®@— VI tveqyr) affording the formation of
intermediates VI""*tmcor), VI tMmeqy®), VI 1Meqyr) and VI®“rvcyr) with activation
barriers between 30.2 and 31.9 kcal.mol-!. The formation of the different intermediates
remains endergonic with respect to both the respective previous adducts (between 1.5 and 7.0
kcal.mol-1) and the entrance channel (between 16.5 and 19.1 kcal.mol™Y). In a previous work,®
we have studied the initiation and the first propagation step of the ROP of non-substituted
TMC showing that the initiation and the second insertion step of the ROP of this monomer
proceed at a similar rate (i.e., similar energy barriers and reaction energies). However, it is
noteworthy that the presence of a y-methyl substituent, and consequently the increase of the
steric hindrance around the metal centre, induces an increase of the activation barriers of the
first two steps of the second carbonate insertion, i.e., the nucleophilic attack (ca. 17.8
kcal.mol-tvs. ca. 30.7 kcal.mol?1) and the ring-opening (between 14.9 and 16.4 kcal.mol-! vs.
between 20.4 and 27.8 kcal.mol1). For the first propagation step, as for the initiation step, the
nucleophilic attack corresponds to the rate-limiting step of an overall accessible reaction.
From a geometrical point of view, concomitant with the formation of the O1—Cco (for
VI rycy® and VI®“mvcor)) or O2—Cco (for VI"™*mvcyr) and VI rvcyw) bonds, the
Zn—Oco bond lengths are reduced sequentially from around 2.27 A in the different adducts to
around 2.01 A in the corresponding transition states, and finally to around 1.85 A in the
formed intermediates. The Cco—Oco bond is continually elongated from 1.22 A in the
different adducts to 1.34 A in the respective intermediates, which is in line with a single bond
between these two atoms. Ring-opening occurs through TS(VI""*tmcor— VI 1My (R)),

TS(VI“"tmey@— VI tveq®), TSV tmey@— VTP tvey®) and  TS(VI*®*vc.
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+R— VI 1vc,r)). As aforementioned, the calculated Gibbs-free energy activation barriers
for the ring-opening of TMC-y(R) are between 20.4 and 27.8 kcal.mol. In this case, as
previously observed for the first propagation step of the ROP of 7CC-y(R), the steric
repulsion between the pB-diketiminate ligand and the growing polymer chain induces a higher
activation barrier when the cleavage of the oxygen—acyl bond takes place on the most
hindered oxygen—acyl 0':1—C(O)(O) bond (27.8 and 27.6 kcal.mol! for TS(VI®*qyc.
yR— VI ryc,w) and TS(VI ey ®— VY 1vcy@®) Vs. 23.9 and 20.4 kcal.mol~! for
TS(VI"™rme4®@— VI 1vey®) and  TS(VI*"rvcy,r— V™ 1mey®),  respectively).
Following the intrinsic reaction coordinate, the unstable intermediates VIH*“tmcyr),
VI tveqy®), VI 1Mme4r) and VIIT**rvcyw) are formed, which, in turn, lead to the final
VI rmey®), VIHY tvmey®), VIIT*tvmey®) and VIHITT**tmer) products, via a low
energy process, corresponding to the decoordination of the carbonate arm, with an activation
barrier calculated to be between +2.6 and 3.4 kcal.mol-! with respect to the previous
intermediates (between +12.5 and 14.7 kcal.mol~ with respect to the separated reactants). In
contrast to the slightly endergonic first insertion step (+1.2 kcal.mol-! for 1V'**mmc.r) and
+2.7 kcal.mol* 1V*rmc.r) With respect to the entrance channel), the second insertion step is
in all the cases an athermic, or even a slightly exergonic process (+0.3 kcal.mol! for
VT ryc ), +1.9 keal.mol= for VIH®"*mvc.r), —0.1 keal.mol= for VI *yc.w) and
-0.8 kcal.mol= for VIII"™®rpmcyw), With respect to the first insertion products). Thus, the
polymerization of TMC-y(R) mediated by [(BDI'™)Zn(OMe)] is computed to be a kinetically
accessible, although quite energy demanding athermic process. Thus, the four considered
pathways leading to a growing polymer chain carrying methyl groups in (yo)(ya), (yo)(ay),
(ay)(ya) or (oy)(ay) positions are competitive from a thermodynamic and kinetic point of

view.
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In agreement with both a previous work on unsubstituted 7CC and TMC ROP
mediated by [(BDI™)Zn(OMe)] and experimental observations made with this catalyst
system,®® 7CC-y(R) is computed to be more easily polymerisable than TMC-y(R). From a
thermodynamic point of view, the reaction is more favourable for 7CC-y(R) (exergonic
process) than for TMC-y(R) (almost athermic). From a kinetic point of view, in both cases,
the rate-determining step to the ROP is the nucleophilic attack. However, the activation
barrier corresponding to the overall ROP process, in particular for the first propagation step, is
lower for 7CC-y(R) than for TMC-y(R) in agreement with the higher steric constraint induced
by the growing polymer chain of a six member ring (TMC-y(R)) vs. that of a seven member

ring (7CC-y(R)).
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Figure 18. Optimized structures of the propagation products of the ROP of TMC-y(R)
mediated by [(BDI™")Zn(OMe)]. In order to differentiate the two alkoxy oxygen atoms of the
carbonate ester functional group, the oxygen atom closest to the substituted carbon atom is

labelled O’1; the other oxygen atom is then labelled O’>.
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4. Conclusions

In this study, the first two steps of the ROP of 7CC-yMe and TMC-yMe mediated by
an amido zinc B-diketiminate complex [(BDI™)Zn(N(SiMes)2)] precatalyst operating via a
coordination-insertion mechanism have been studied using DFT methods. In order to catalyse
the ROP process, [(BDI™)Zn(N(SiMes)2)] is first activated by alcoholysis of the Zn—N bond
by HOBn initiator, leading to the replacement of N(SiMes)> by an alkoxide —OBn, with
concomitant release of HN(SiMez)2. For both y-methyl substituted cyclic carbonates, it is
shown that the initiation and the second insertion occur according to a three-step process:
first, a nucleophilic attack of the alkoxide group followed by the ring-opening of the
tetrahedral intermediate and finally the decoordination of the carbonate arm.

For both carbonates, these three steps are predicted to be Kinetically accessible, both
for the initiation and the propagation steps of the ROP process. The nucleophilic attack
corresponds to the rate-limiting step. In agreement with a previous computational work on the
related unsubstituted carbonate,® the relaxation of the steric constraints inside the growing
polymer chain appears to be an important feature. From a thermodynamic point of view, as
also observed with unsubstituted carbonates, the overall polymerization process is exergonic
(7CC-yMe) or almost athermic (TMC-yMe). However, the presence of the y-methyl
substituent induces some differences with respect to the unsubstituted analogues: (i) Due to
the asymmetry induced by the presence of the y-methyl substituent, two different products can
be obtained upon cleavage of the acyl-oxygen bonds during the initiation step and four
different products during the propagation step. Deeper insights into the preferred Kkinetic
pathway for both methyl-substituted carbonates revealed, within the precision of the
computational method, quite similar transition states from the nucleophilic attack. Thus, the
four considered pathways are competitive from a thermodynamic and kinetic point of view.

(if) The increase of the steric hindrance around the metal centre, induces an increase of the
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activation barriers of the first two steps of the second carbonate insertion, i.e., the nucleophilic
attack and the ring-opening. (iii) In agreement with experimental results, for both carbonates,
the relative Gibbs-free energies of the intermediates and the activation barriers involved in the
ROP of both enantiomers are very close, in agreement with the formation of atactic polymers.
On the other hand, computations indicate for both monomers preferential ring-opening at the
most hindered oxygen—acyl O;—C(O)O bond, i.e. the one closest to the Me substituent, in

agreement with the regioselectivities experimentally observed.
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