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Abstract: Isoprene polymerization using iminopyridine-supported iron complexes combined with Al'Bus/[B(C¢Fs)s][CPhs]
was carried out in the presence of ZnEt; as chain transfer agent (CTA). Detailed studies revealed that the M, of the resulting
polyisoprenes and the rate of polymerization decrease steadily as the amount of CTA increases while preserving the
catalyst selectivity. These results highlight the first example of a reversible iron-mediated chain transfer polymerization of
isoprene.

To date, coordinative chain transfer polymerization (CCTP) processes are predominantly based on olefin monomers
and it is only recently that this methodology has been extended to conjugated dienes.! For the latter ones, the few
examples disclosed in the literature have exclusively focused on rare earth metal-based systems2 combined with Al
or Mg as Chain Transfer Agent (CTA). To our knowledge, the implementation of transition metal-catalyzed CCTP of
conjugated dienes remains to be proven, especially for iron complexes.2b3-5 In this paper, we describe the first
successful CCTP of isoprene using iminopyridine iron complexes in the presence of ZnEt, as CTA, after proper
cocatalyst activation.

In the quest of sustainable chemistry, iron catalysis is currently witnessing a major revival given the natural
abundance and relative non-toxicity of this metal, which offers a suitable substitute to other metal-based systems
involved in the catalytic transformation of organic substrates.® Notably, the development of well-defined single-site
iron-based complexes has led to an increased attention in coordination-insertion polymerization of polar and non-
polar monomers,” with a more focus over the last few decades on the polymerization of ethylene.® A significant
breakthrough in this field was described by Gibson and coworkers who carried out a polymerization of ethylene
using the bis(imino)pyridine iron
dichloride/methylaluminoxane catalytic system ZR Z R
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a large amount of ZnEt,, which allowed P,

accurate control of the macromolecular data Active Dormant Active Dormant
(M,, D) of the resulting polymer.? In this @: Complex @?@: Chain transfer agent R =, alkyl, an, conjugated diene
process, known as CCTP, the growing polymer | L=ligand, M=metal (zn, Mg, A) Fim. Pa= polymer chain

chain is reversibly transferred-from the active | scheme 1 Coordinative Chain Transfer Polymerization (CCTP)

Fe center to the dormant CTA Zn center via a
putative heterobimetallic Fe/Zn intermediate (Scheme 1).! This methodology exhibits living characteristics and
enables the control growth of several macromolecular chains per catalyst molecule since i) the chain transfer is fully
reversible, ii) its rate is fast compared to the rate of propagation, iii) the formation of the heterobimetallic
intermediate has a sufficient lifetime for the CCTP to be effective and iv) the chain transfer occurs in absence of any
undesired irreversible transfer/termination pathway.1 All these requirements are highly dependent on the electronic
and steric properties of the catalyst, besides the nature and adequacy of the CTA with the monomer used. As a
result, narrow dispersities are obtained with the macromolecular chains terminated by the chain transfer agent,
which enables further polymer chain-end functionalization, the preparation of block copolymers and, subsequently,
the elaboration by chain shuttling polymerization (CSP) of copolymers featuring multi-block architecture.

Up to now, coordinative polymerization of conjugated dienes, such as butadiene, isoprene and derivatives,
remains a preferred choice to obtain effectively polydiene materials with desired molar masses along with controlled
microstructures.10 In the case of polyisoprene, the resulting polymer can present different arrangements comprising
cis-1,4, trans-1,4, 3,4- and, occasionally, 1,2-vinyl sequences or a combination of these units that dictates the end-
use applications of the material in the rubber industry.1? Within this framework, wel2 and others,13 have recently
described that discrete iron-based complexes bearing an iminopyridine ligand are capable of efficiently catalyze the
coordinative polymerization of isoprene after activation by an appropriate cocatalyst, some of them exhibiting high
control of stereoselectivity.”.132




In the present work, we focused our study on the implementation of CCTP of isoprene. For this purpose, we have
targeted on the use of ZnEt; as CTA, since previous studies have shown that this CTA associates successfully with
the (BIP)FeCl,/MAO catalyst system for the CCTP of ethylene®!4 and acetylene.1®

The CCTP of isoprene was initially carried
out using the Fe-based complexes 1-4 (Scheme A AATBLMBCEICPh NN 1 4-cis
2) combined with AlBuy/[B(CeFs)liCPhs] | ZT Ua/1B(CeFo)lICPhg] S
. . ZnEt, (0 and 10 eq.) 1.4-trans (SR
(isoprene/Fe/Al'Bus/[PhsC][B(CesFs)a =\ e Tegs
2 000/1/3/1) under optimized conditions,!? in — — — —
the absence and the presence of ZnEt, (Zn/Fe Q—/\\N%D Q—\\N Q_\(N%:} Q—\(N
= 10), the results are gathered in Table 1 (see C"'F:\Cl CI"er‘u CI“Fe\Cl C'\";e\CI
also Figs. S1-S10 for SEC traces, ESIt). As 3
previously reported,!? activation of complexes Scheme 2 Fe-mediated CCTP of isoprene

1 to 3 with AlI'Bus/[B(CsFs)4][CPh3], without

ZnEt,, produced polyisoprenes with M, values higher than the theoretical ones, which speaks in favor of a much
higher propagation rate with respect to the initiation steps, while the 4/Al'Bus/[B(CsFs)4][CPhs] catalytic system
yielded polymers with M, experimental close to the theoretical value (vide infra). The expected CCTP effects of the
CTA upon the polymerization are i) decreasing M, values and ii) narrowing the dispersity (P value tending to 1). From
the comparison of the results of the experiments performed with and without ZnEt,, the first criteria is fulfilled by
precatalysts 1 to 4, as for a complete conversion of isoprene, the M, are reduced by a factor of 2.7 (complex 1,
entries 1 vs 2), 1.3 (complex 2, entries 3 vs 4), 3 (complex 3, entries 5 vs 6) and 7.6 (complex 4, entries 7 vs 8),
respectively. Although, the dispersity was found to increase slightly in the presence of 10 eq. of ZnEt; for complexes
land 2 (P=1.6vs 1.7 and 1.3 vs 1.8, respectively) while they remained constant for complexes 3 and 4 (D = 1.3).

Table 1 Screenings 1-4/AlI'Bus/[B(CsFs)4][CPh3]/ZnEt: catalytic systems for the CCTP of isoprene?

Time Conv. Min(exp) ® Microstructure © (%)
Entry? Complex [zn]/[Fe] . bt N chains ® -

(min) (%) (g/mol) 1,4 (trans/cis) 3,4
1 1 0 360 >99 487 500 1.6 79 (38/41) 21
2 10 360 >99 180 000 1.7 2.7 79 (33/46) 21
3 ) 0 360 >99 250 000 1.3 75 (35/40) 25
4 10 360 >99 195 000 1.8 1.3 75 (32/43) 25
5 3 0 360 >99 261 000 1.3 90 (69/21) 10
6 10 360 >99 86 000 1.3 3.0 91 (69/22) 9
7 a 0 360 >99 155 000 1.3 90 (77/13) 10
8 10 360 >99 20 500 1.3 7.6 91 (79/12) 9
9d 0 360 >99 41 000 1.2 92 (76/16) 8
10¢ 4 7 Al'Bus 960 >99 40 000 1.6 1.0 92 (78/14) 8
11¢ 10 BuMgEt 1080 0 - - - - -

aPolymerization conditions: 10 umol of Fe(ll) complex, isoprene/Fe/Al'Bus/[Ph3C][B(CesFs)s] = 2 000/1/3/1, toluene = 20 mL, [Clisoprene = 1 mol/L,
temperature = 25 °C. ® Determined by size exclusion chromatography (SEC) analysis in THF using polystyrene standards, N chains = Muexp) without
1A/ Mi(exp) with cTa. € Determined by 'H NMR and 13C NMR. ¢ Isoprene/Fe/Al'Bus/[B(CsFs)4][CPhs] = 500/1/3/1.

Furthermore, the selectivity of each catalytic system was notably maintained during CCTP screening (Figs. S11-S20
for NMR spectra, ESIT). For example, the high degree of selectivity of the 4/Al'Bus/[B(CsFs)4][CPhs] catalytic system
produces polyisoprene, which microstructure, predominantly 1,4-, is similar to that obtained in the presence of
additional ZnEt; (Table 1, entries 7 vs 8) and consists of approximately 77 — 79 % of trans-1,4 units along with the
contribution of 3,4 (ca. 9 — 10%) and cis-1,4 fractions (ca. 12 — 13%). This observation reveals that the growth of the
polymer chain is probably not influenced by the presence of the CTA, suggesting distinct mechanistic elementary
steps of insertion (Fe catalyst) and transfer (Fe/Zn heterobimetallic species). Among the four catalysts tested, the
highest transfer efficiency was found for 4/AlI'Bus/[B(CsFs)4][CPh3]/ZnEt, and may be attributed to a good bond
strength adequacy, i.e. comparable bond strength value of the metal catalyst-growing polymer chain and of the
metal CTA-dormant polymer chain, as previously observed for the catalyzed chain growth of ethylene and acetylene
using [(BIP)FeCl;]/MAO catalytic system in the presence of an excess of ZnEt,.%:15 A similar hypothesis can be drawn
in our case from the 4/Al'Bus/[B(CsFs)4][CPh3]/ZnEt, catalytic system with the assumption that metal-allyl bonds are
involved in the polymerization of isoprene.l® Further attempts to assess CCTP of isoprene using 4 and 100 eq. of
MAO in presence of various amounts of ZnEt; resulted in a less efficient system (Table S1 and Figs. S21-S24, ESIt).
Furthermore, Al and Mg alkyl compounds, uncommonly used as CTAs with Fe precatalysts, were screened in this
frame with the most efficient complex 4. The use of an excess of Al'Bus; with complex 4 (Al/Fe = 10/1) led to
practically no change in the resulting polyisoprene M, (entry 10, Table 1, M,, = 40 000 g/mol) compared to the M,



value obtained in the presence of 3 eq. of Al reagent (entry 9, Table 1, M, = 41 000 g/mol). This result indicates that
the transfer is not relevant between Al and Fe under our experimental conditions. Moreover, the broadening of the
dispersity was noticeable (entries 9 vs 10, Table 1, © = 1.2 vs 1.6); this observation was

also apparent when using Al'Bus in excess for rare earth catalytic

systems.1” The resulting polyisoprene was acquired in good vyields (> 99%), displaying similar microstructure as
observed with 3 eq. of Al'Bus. Furthermore, replacement of Al'Bus with a sterically less hindered aluminum CTA,
AlEts, did not significantly improve the transfer efficiency.!® In contrast, the 4-based system failed to produce
polyisoprene (entry 11, Table 1) in presence of 10 eq. of butylethylmagnesium (BuMgEt, BEM), which is similar to
that found in the case of ethylene polymerization using (BIP)FeCl,/MAQO/Mg"Bu, (1/100/500).4f In addition to the
question of the similarity of bond strengths between the catalyst-polymer chain and the CTA-polymer chain, it is
clear that the monomeric nature of ZnEt, as compared to aggregated MgR; in non-polar solution?® could be an
explanation for a better CCTP efficiency when associated with the most sterically hindered precatalyst 4. The chain
transfer between the catalyst originating from 4 associated with ZnEt; was also examined through the kinetic profile
of isoprene polymerization at 25 °C, without and with 10 eq. of ZnEt; per Fe compound (Table S2, ESIT). From the
kinetic plots (Fig. S25a, ESIT), it is evident that the addition of 10 eq. ZnEt, prolonged the polymerization time
substantially, which nearly follows a first order kinetic profile with and without CTA (the process being even better
controlled under polymer chain transfer regime, Fig. S25b, ESIT), indicating minimal loss of active species during the
polymerization. In addition, the plot of M, vs conversion (Fig. S25c, Figs S26-S35, ESIt) is consistent with a controlled
polymerization process in absence and in the presence of CTA, as assessed by the linear relationship observed.

The 4/Al'Bus/[B(CeFs)4][CPhs] catalytic system was further assessed by conducting a detailed study through the
variation in the amount of ZnEt; during the polymerization process. The quantity of ZnEt, (0-100 eq. of ZnEt; vs 4)
was monitored and its impact on the molar masses of the resulting polyisoprenes was observed, the results of which
are displayed in Table 2 and Fig. 1.

Table 2 CCTP of isoprene using 4/Al'Bus/[B(CsFs)a][CPhs] catalytic system with different quantities of ZnEt,?

Entry [ZnEt2]/[4] Conv. (%) Miexr)® b® N chains ¢
(g/mol)

1 0 >99 155 000 1.3 -

2 >99 33 000 1.5 4.7

3 10 >99 20 500 1.3 7.6

4 20 >99 15 000 1.2 10.3

5 30 >99 12 000 1.3 13

6 40 >99 10 000 1.3 15.5

7 50 >99 8 000 1.3 19.4

8 100 64 6 600 1.2 15.0¢

aPolymerization conditions: 10 umol of Fe(ll) complex, isoprene/Fe/Al'Bus/ [B(CeFs)s][CPh3] = 2 000/1/3/1, toluene = 20 mL, [Clisoprene = 1 mol/L,
temperature = 25 °C, time = 6 h. ® Determined by SEC analysis in THF using polystyrene standards. ¢ N chains = Mhyexp) without cta/ Mn(exp) with cTa- ¢
calculated for 64% conversion of isoprene: N chains = [My(exp) without cta/ M(exp) with ctal X 0.64

From these results, we could notice a unique trend in the decrease of M, values, which is consistent with the
increasing quantities of CTA. By adding 5 eq. of ZnEt,/4, the molar mass is reduced by a factor of 4.7 (entries 2 vs 1,
Table 2), which in turn is lowered by a factor of 7.6 (entries 3 vs 1, Table 2) as the amount of CTA gets doubled. This
decreasing trend is regularly maintained throughout the series of experiments as we compare the M, value of each

entry from 5 to 100 eq. of ZnEt,/4. This can also be

seen through SEC analysis with the characteristic E ' Entry * 0eq. of [Zn]
Gaussian curves shifting to the left (lower masses) Z * 5 eq. of [Zn]
as the amount of CTA is increasing (Fig. 1 and also g 0,8 10eq of [zn]
see Figs. S36-S43 for SEC traces, ESIT). Importantly, T © 20 eq. of [zn]
the selectivity of 4 remained constant in all cases .(_go,s * 30 eq. of [Zn]
by increasing the quantity of CTA (Figs. $44-551 for S04 40 eq. of [zn]
NMR spectra, ESIT). Nevertheless, we can observe ' ® 50 eq. of [Zn]
that the use of a large amount of ZnEt, does not 0,2 ® 100 eq. of [zn]
decrease the dispersities, which remains constant

during the set of experiments (P = 1.2-1.5).
Furthermore, the situation here is far from ideal
since, for the most efficient system with a ratio of
4/ZnEt, = 1/10, less than 8 chains were formed
whereas a number of 21 chains was expected (20

1000 10000 100000
M, (g/mol)

Fig. 1 Effect of quantity of ZnEt, (0 — 100 eq./Fe) on the M, using
4/AI'Bus/[B(CeFs)a][CPhs] catalytic system (according to data in Table 2)




chains from the two Et groups of ZnEt, and 1 chain from catalyst activation with Al'Bus/[B(CsFs)4][CPhs]). This result
potentially indicates that at best only one of the two ethyl groups of ZnEt; is transferred to the iron center to initiate
a polymer chain growth, which could preclude the possibility of carrying two polymer chains per Zn, highlighting
some of the limitations of this system.

One of the remarkable extensions of CCTP concept is represented by Chain Shuttling Polymerization (CSP), where
a dual-catalyst system in presence of CTA is used to generate distinct growing macromolecular chains, either from
two comonomers or from a unique monomer that can lead to different chain regularities depending on the regio-,
chemo- or stereo-selectivity of each catalyst. Thus, the two distinct growing chains are reversibly transferred from
one catalyst to another by means of the CTA (here called the chain shuttling agent), giving rise to multiblock
architectures that contain block segments with the microstructural signature of each catalyst.2° In this context, CSP
of conjugated dienes has been independently described by three research groups using either two regio-2! or stereo-
selective?223 rare-earth catalysts in the presence of CTA, producing poly(1,3-dienes) multiblock containing
alternated 3,4-/1,4-polyisoprene block or cis/trans-block of either polyisoprene or polybutadiene, respectively.
Despite the moderate regio- and stereo-selectivity of our iron-based systems for the CCTP of isoprene, we still
attempted to prepare multiblock polyisoprene by CSP. For this purpose, we chose to use complexes 1 and 3
(isoprene/1+3 = 2 000/1) combined with Al'Bus/[B(CeFs)4][CPhs] andin the presence of 10 eq. of ZnEt, (Table 3), since
the transfer efficiencies are quite similar between these two catalysts (N chains = 2.7 — 3 for complex 1 and 3, Table
1, entries 2 and 6) and also result in polymer chains with distinguishable stereo- and regio-regularities (trans-1,4/cis-
1,4/3,4 content = 33/46/21 for complex 1 vs 69/22/9 for complex 3). Detailed studies of the CSP tests can be found
in Table S3 and Figs. S52-S73 in ESIt.

Table 3 Attempt CSP of isoprene using 1+3/Al'Bus/[B(CeFs)s][CPhs] catalytic system with and without ZnEt?

1+3 (

/Y
AllBU/[B(CeF&)4l[CPhs)/

10 eq. or 0 eq. ZnEt,

Mn(exp)? Microstructure® (%)
Entry ZnEt2/1+3 Db Te (°C)¢
(g/mol) 1,4 (trans/cis) 3,4
1 10 120 000 1.5 85 (40/45) 15 —56.8
2 0 380 000 1.6 84 (43/41) 16 —55.5

9 Polymerization conditions: 10 umol of complex 1+3, isoprene/1+3/ Al'Bus/[B(CsFs)s][CPh3s] = 2 000/1/3/1, toluene = 20 mL, [Clisoprene = 1 mol/L,
temperature = 25 °C, time = 6 h. ? Determined by SEC analysis in THF using polystyrene standards. ¢ Determined by 'H NMR and 13C NMR. ¢ Determined
by DSC.

The CSP attempt of isoprene using complexes 1 and 3 in a ratio of 1/1 leads to a polyisoprene with M, =
180 000 g/mol (P = 1.5) and a microstructure in which the content of trans-1,4/cis-1,4/3,4 = 40/45/15 reflects the
average 1,4/3,4 selectivities of both catalysts (85/15, Table 3, entry 1, between 79/21 and 91/9, entries 2 and 6,
Table 1, respectively). Additionally, the determination of the Ty shows a value of — 56.8 °C, which is an intermediate
value of the polymers produced independently by complexes 1 and 3 under CCTP conditions (between —51.6 °C and
—61.7 °C, entries 1 and 5, Table S3, ESIT, respectively). The same reaction was also carried out without ZnEt; and
resulted in a polyisoprene presenting a stereo-, regio-regularity along with a T value quasi similar to that obtained
in the presence of CTA (Table 3, entry 2). The unique glass transition found at — 55.5 °C was expected given that the
physical mixture of the two homopolymers, produced independently by CCTP, displays a single T; of —57.1 °C (Fig.
S70) due to the miscibility of the blend. However, the resulting M, of the polymer produced under CSP was found
to be 3 times lower than that achieved without ZnEt, (M, = 180 000 vs 380 000 g/mol, respectively), which is similar
to the number of chains generated for each independent complex under CCTP (entries 5-6, Table 1). Moreover, the
dispersity was 1.5 vs. 1.6 in absence of Zn-CTA. Thus, these results partially suggest the occurrence of a CSP process,
however, the moderate selectivity of both iron complexes prevents us from asserting unequivocally that it has
indeed taken place. Alternatively, we cannot totally exclude that the growing chains on each iron catalyst are not
transferred from one to the other through the Zn CTA, thus producing a mixture of two homopolymers that
distinctively incorporate the signature of each catalyst rather than a single polyisoprene chain displaying a
multiblock structure.

In this study, we have successfully demonstrated the first CCTP of isoprene with an iron-based catalytic system.
Various metal alkyls were screened as potential CTAs during the CCTP of isoprene, among which it was observed
that the transfer is only efficient with ZnEt,, owing to an appropriate combination between the catalyst and the
chain transfer agent. The ketiminopyridine iron complex 4 bearing sterically hindered N-aryl substituents was the
most efficient under CCTP conditions when compared to the less sterically crowded complex 3 and the
aldiminopyridine iron complexes 1 and 2, although the transfer efficiency between 4 and ZnEt, was not total (36%,



considering alkyls-CTA). Attempts of performing a polymerization of isoprene using a mixture of complexes 1 and 3
combined with 10 eq. ZnEt,, after cocatalyst activation, might suggest the occurrence of a CSP process.

Further development of iron-catalyzed reversible chain transfer coordinative polymerization, such as the
preparation of block copolymers or the functionalization of polymer chain-end, is currently in progress and will be
reported in due course.
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