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ABSTRACT: A [Ni/Mg]-catalyzed orthogonal tandem polymerization has been developed starting from enol phosphates.
Initial investigations conducted on branched 1,3-dienes as monomers enabled identification of a Mg-initiated polymerization
process leading to 1,4-cis-polydienes. When aryl enol phosphates are used as monomers, the [Ni/Mg]-catalyzed tandem
polymerization affords 1,4-cis-polydienes with selectivities up to 99%. Elastomeric or crystalline materials were obtained by
simple structural modifications of the monomeric unit. This tandem approach appears as a straightforward and efficient way
to enforce diversity and selectivity in diene polymerization while retaining a fair degree of control, just as observed for
stepwise systems that are accessible through established time- and manpower-consuming synthetic procedures.

m INTRODUCTION

Polydienes are commodity chemicals with countless
industrial and medical applications.! More specifically,
natural rubber (NR) is a high-molecular-weight valuable
plant-derived poly(cis-1,4-isoprene) synthesized by a
rubber cis-prenyltransferase complex (CPT).2 Because
extraction from natural sources cannot sustain the ever
increasing global demand of NR, 1,4-cis-polyisoprene is
produced industrially by polymerization of isoprene (IR).
NR and IR have very similar properties.? Isoprene is also a
naturally occurring compound, produced and emitted by a
variety of animals and plants, but paradoxically it is not the
monomer used by Nature for the production of NR. Over the
past decades, chemical and engineering research on
isoprene polymerization, both in academia and industry,
has led to major advances in the fields of rubber technology
and stereoselective polymerization. Nowadays, isoprene
polymerization represents a benchmark reaction for every
novel diene-polymerization initiator (Figure 1, A).*7 Aside
from isoprene polymerization, and to a lesser extent
myrcene polymerization, only scattered studies have
focused on the homopolymerization of non-naturally
occurring 2-substituted 1,3-dienes, a situation that can be
ascribed to the limited synthetic availability of these
building blocks until recently.81° Consequently, the field
clearly bears enormous potential because -aside from
stereochemical considerations- subtle variations on the
nature of the diene substituent are expected to strongly
impact the macromolecular properties of the resulting
polymer.

In 2018, one of our groups reported a Ni-catalyzed
Kumada cross-coupling reaction between vinyl magnesium
bromide and readily available vinyl phosphates.!! Two
distinct catalysts 5a and 5b with complementary reactivity
profiles and wide functional group tolerance have been
identified for the preparation of a broad diversity of 2-aryl
and 2-alkyl 1,3-dienes (Figure 1, B). We subsequently
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initiated a program directed toward the use of 2-substituted

dienes as a discovery platform for the devise of selective
catalytic methods.'?13 In this context, we initially set out to



identify a Ni catalyst for the stereoselective polymerization
of 2-substituted dienes with the primary idea of extending
polydiene chemistry to the use of novel monomeric diene
units. Our ultimate goal was to develop either (i) an auto-
tandem catalytic polymerization process in which a single
Ni precatalyst would perform two mechanistically distinct
operations starting from simple enol phosphates (Figure 1,
C), or (ii) an orthogonal tandem catalytic polymerization
process (Figure 1, D). Realization of either strategy would
undeniably lead to substantial time- and cost-savings, atom
economy, waste reduction and decrease in energy
consumption. While auto-tandem catalysis requires the
identification of a ubiquity-gifted organometallic
compound, orthogonal tandem catalysis necessitates two
distinct highly reactive species to coexist in solution
without any detrimental interactions.415

In this article, we disclose how pursuing our initial
objective led to the serendipitous discovery of a one-pot
[Ni/Mg] orthogonal tandem catalytic polymerization
protocol (Figure 1, E). Starting from enol phosphates, the
process combines a Ni-catalyzed Kumada cross-coupling,
that produces 1,3-dienes in situ, with a Mg-initiated
polymerization process that affords new 1,4-cis polydienes
(up to 99%). In addition, the high functional diversity of the
monomers obtained allows to easily tune the thermal
properties of the corresponding materials, thus giving
access to elastomeric polymers (classical for 1,4-cis
polydienes) but also to crystalline polymers (generally
observed for 1,4-trans polymers).

m RESULTS AND DISCUSSION

Our initial attempts were focused on the identification of
late transition metal precatalysts for the polymerization of
isolated 2-substituted 1,3-dienes using non-naturally
occurring 1b as model substrate. In the prototypical
reaction conditions initially reported for the vinylation of
enol phosphate 2b using [(dppe)NiClz] 5a as precatalyst, a
stoichiometric amount of vinyl magnesium bromide 3a was
used and 1b was isolated in 86% yield (Figure 2, A).1* We
unintentionally found that when the reaction was
conducted with a slight excess of 3a (1.20 equiv.), with
otherwise identical conditions, a polymeric material was
formed quantitatively (Figure 2, B). The identity of the
polymer (poly-1b) was established by 'H and 3C NMR
analyses and revealed a predominant 1,4-cis microstructure
(1,4-cis vs 1,2-microstruture = 93:7).8>-¢ 10b To understand
the origin of the polymerization process, a series of control
experiments was conducted next (Figure 3). No reaction
occurred when 1b was subjected to catalysis using 5a and a
stoichiometry in vinyl magnesium bromide 3a that
corresponds to the excess in the reaction starting from enol
phosphates 2b (0.2 equiv.). Similarly, no polymer formation
was observed in the absence of nickel precatalyst after 0.5
h (Figure 3, A).

We surmised that the magnesium phosphate salts
generated during the Ni-catalyzed vinylation of 2b may
participate in the polymerization process (Figure 3, B). Our
assumption was guided by the notion that Mg ions are
directly involved in C-C bond forming events in isoprenyl
diphosphate synthases (IDS), which produce long-chain Z-
type isoprenoids, including natural rubber.1¢ To test our
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hypothesis, the independently synthesized vinyl
magnesium phosphate 3b was evaluated in the
polymerization of 1b (Figure 3, B). Pleasingly, within only
0.5 h, 1,4-cis-poly-1b was generated quantitatively with
similar polymerization data than those of the previous
experiment. We are not aware of prior examples of Mg-
initiated polymerization of 1,3-dienes. Collectively, the
results disclosed in Figures 2 and 3 point to an
organomagnesium-initiated polymerization, a process that
is usually achieved with BuLi or alkali-naphthalenide for 2-
aryl substituted 1,3-dienes.  8a-d

no reaction

O
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The identification of vinyl magnesium diethyl phosphate
3b acting as initiator for the polymerization of diene 1b
prompted us to study this unusual process in more details.
In order to perform a systematic analysis of the important
reaction parameters on a more practical time scale, the less
reactive diene 1c was selected as test substrate (Table 1). In
line with the result obtained with 1b, when vinyl
magnesium bromide 3a was used as initiator in absence of
a nickel precatalyst, no reaction occurred (Entry 1).17 By
contrast, similar reactivity and productivity were observed
in the polymerization of 1b using vinyl magnesium diethyl
phosphate 3b in combination with (dppe)-containing nickel
precatalysts 5a, 5d and 5e (Entries 2, 5-6). In all cases,
poly-1,4-cis-1c was obtained with a relatively narrow range
of Mx (20°600-23'960 g.mol-') and dispersities (1.71-1.76).
While the use of 5b led to a reduced Mhx, no polymerization
was observed with 5c¢ (Entries 3-4). The impact of the
nature of the phosphine ligand in complexes 5a-e on the
overall outcome of the process suggests a possible -yet
unidentified- interplay between Mg and Ni. Based on the
assumption that two equivalents of 3b are necessary to
activate the Ni(ll) complex 5a by a double
transmetalation/reductive elimination sequence, for these



Table 1. Diene polymerization optimization
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3c 3d [(dppe)Ni(cod)]  [(dppe)oNi]
Entry [Ni]  [Mg] [Mgl/[lc] [Mg]/[Ni]  ¢(h)  Conv.(%)¢  Mn(gmol1) pb 1,4-cis (%)
1 - 3a 1/6.7 1/0 24 <1 - - -
2 5a 3b 1/5 8/1 2.0 75 20’600 1.76 93
3 5b 3b 1/5 8/1 5.0 88 13’000 1.71 93
4 5c 3b 1/5 8/1 16.0 <1 - - -
5 5d 3b 1/6.7 6/1 5.5 67 22'220 1.76 93
6 Se 3b 1/6.7 6/1 45 82 23’350 176 93
7 5a 3b 1/13.3 3/1 5.5 85 32’800 1.91 93
8 5a 3b 1/40 1/1 16.0 <1 - - -
9 Se 3b 1/40 1/1 21.0 93 38200 225 93
10 - 3b 1/6.7 1/0 5.5 85 23’600 1.82 93
114 - 3b 1/6.7 1/0 3.75 78 22’300 1.75 86
12 - 3b 1/40 1/0 5.5 93 41’400 2.0 93
13 - 3c 1/6.7 1/0 5.5 61 5’100 2.43 94
14 - 3d 1/6.7 1/0 5.5 82 26’000 1.85 93

Ph-p

p-Ph Me~p

Reaction performed on a 0.15 mmol scale at 23 °C. Conversion determined by 'H NMR spectroscopy. * My and D of polymer
determined on crude polymers by SEC-RI in THF at 35 °C using polystyrene standards. ¢ Polymer microstructure determined

by 'H and 13C NMR spectroscopy. ¢ [1c] = 1.0 M.

experiments the [Mg]/[Ni] ratio was gradually adjusted
taking into account the oxidation state of the nickel complex
(Entries 7-8). Quite notably, in the absence of a nickel
source, a reactivity similar to that achieved with the dppe-
based nickel complexes was observed. A higher monomer
concentration led to an increased efficiency, albeit at the
expense of 1,4-cis control (Entries 10-11). When a higher
ratio of magnesium to monomer was used ([Mg]/[1c] =
1/40), the number average molecular weight of the polymer
increased up to 41 400 g.mol! (Entry 12). A retrospective
comparison between Entry 8, 9 and 12 suggests that when
an equimolar amount of the Ni(Il) precatalyst and Mg
precursor is employed, the double transmetalation step of
the activation process may occur more readily and consume
all potential initiating vinyl-containing Mg species. In line
with this hypothesis, polymerization also occurred with
alternative vinyl magnesium phosphates 3c-3d (Entries
13-14).

We next investigated the orthogonal tandem catalytic
transformation of enol phosphate 2c into poly-1c. The
results are summarized in Table 2. To evaluate the
feasibility of the overall process, we conducted preliminary
experiments with nickel precatalyst 5a in the presence of
3a as initiator. This complex proved to be an active initiator
for the polymerization of in situ generated diene 1b to
obtain poly-1b with high level of 1,4-cis selectivity (93%;
Entry 1). Of note, a similar reactivity was achieved for a

sequential reaction where 0.15 equivalents of nBu:Mg 3e
were added after the vinylation step with vinyl magnesium
bromide (1.05 equiv; Entry 2).1° However, no
polymerization occurred with vinyl zinc bromide 3f, even
with prolonged reaction times. Instead, diene 1c was
generated quantitatively in 0.5 h (Entry 3). The catalytic
system was further optimized by fine-tuning different
parameters. Two tandem reactions using 3a as initiator
afforded high conversions and fairly narrow dispersities
from a monomer prepared with 5f and 5g (Entries 4-5).
Higher masses were obtained by increasing the [Mg]/[Ni]
ratio (Entry 6). When the polymerization temperature was
increased to 50 °C, we observed enhanced activity and
regioselectivity using either the 5f/3a system or the 5g/3a
combination (Entries 7-8). A 1,4-cis polymer with 99%
selectivity was obtained with the latter when the reaction
was conducted at 70°C (Entry 9). Finally, reaction
monitoring at 50 °C (Entry 8) revealed a typical chain-
growth behavior with a linear increase of Mn over time (p=
64.7, R? = 0.99), and negligible variation of dispersity (see
Supporting Information, Figure S3). MALDI-TOF mass
spectrometry analyses of polymer samples obtained from
the tandem catalytic system (Table 2, Entry 1) consistently
showed a peak distribution corresponding to polymer
chains terminated by a vinyl moiety, thus confirming its role
as an initiating group (See Supporting Information for
details).



Table 2. Tandem vinylation/diene polymerization
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2¢ 23°C, t(h) poly-1c

Entry [Ni] [Initiator [Initiator]/[2c]e [Initiator]/[Ni] ¢(h) Conv.(%)?  Mn(g.mol1)c De 1,4-cis (%)
1 5a 3a 1/6.7 6/1 6 53 5’700 1.73 93
2f 5a 3e 1/6.7 6/1 14 77 7900 1.68 93
3 5a 3f 1/6.7 6/1 48 <1 - - -
4 5f 3a 1/6.7 6/1 87 6’000 1.75 93
5 5g 3a 1/6.7 6/1 94 4300 1.65 93
6 5g 3a 1/5.3 38/1 16 97 10’300 1.65 93
79 5f 3a 1/6.7 6/1 6 >99 3400 1.38 97
8  5g 3a 1/12.5 8/1 4 66 4800 1.54 97
9h 5g 3a 1/12.5 8/1 4 67 3'700 1.53 99

Reactions performed on a 0.15 mmol scale. @ Ratio related to the polymerization step after the Ni-catalyzed vinylation in the
tandem process by assuming complete conversion of 2Zc into 1c. Initial ratio: [initiator]/[2c] = 1.05/1; [initiator]/[Ni] = 48/1.
bConversion determined by 'H NMR spectroscopy. ¢ Mn and D of polymer determined by SEC-RI on crude polymers in THF at
35 °C using polystyrene standards. ¢ Polymer microstructure determined by 'H and 3C{'H} NMR spectroscopy. f Reaction
conducted as a one-pot sequence: 3a used to generated diene 1c in situ and 3e added after the vinylation step ([3a]/[Ni] =
48/1; [3a]/[2c] = 1.05/1; 0.5 h, then [3e] /[Ni] = 6/1; [3e]/[2c] = 1/6.7).9 Reaction performed at 50 °C. " Reaction performed

at 70 °C.
n n n
Me F

Table 3. Tandem polymerization of various enol phosphates

o BrMg.~
n
orP(OR ?er:p:eﬁ;t’zl O poly-1c poly-1d poly-1e
_Sg(10mol%)
R@ T THF 025 M), " Oﬁ\/* @ﬁ\/*
2b-i 70 °C, time (h) poly-1b-i E N N NN N
: n . n \_{ n + n
MeO poly-1f fBuMe,Si0 poly-1g poly-1h @ poly-1i
Entry Polymer t (h) Conv. (%) Mhn (g.mol-1)b bb 1,4-cis (%)c Tg (°C)d Tm (°C)4
1e poly-1b 1 95 (60) 6’800 2.27 96 79 216
2e poly-1c 24 95 (70) 14’500 1.94 93 18 -
3 poly-1d 1 90 (57) 2’700 1.84 98 29 -
4 poly-1e 4 90 (70) 5200 1.84 >99 32 -
5e poly-1f 1 99 2’100 1.66 94 31 -
6 poly-1g 7 56 (51) 4400 131 97 37 -
7 poly-1h 1 95 (75) 1'900 3.41 92 ndf -
8 poly-1i 4 94 (56) 1’100 1.37 79 64 -

Reactions performed on a 0.3-0.6 mmol scale.? Conversion into poly-1 determined by 'H NMR spectroscopy. The remainder
consists of unreacted diene exclusively. In parenthesis, isolated yield of pure material after precipitation in MeOH. » M, and P
of purified polymer determined by SEC-RI in THF at 35 °C using polystyrene standards. ¢ Polymer microstructure determined
by 'H and 13C{*H} NMR spectroscopy on purified polymers. ¢ Tg and Tm of purified polymer determined by DSC on second
heating cycle (10°C/min, N2 flow). ¢ [(dppe)NiCl:] 5a (2.5 mol%), vinyl magnesium bromide 3a (1.2 equiv.), 23 °C. f Not
determined.

The optimized conditions for the tandem [Mg]/[Ni] analysis (TGA) (Table 3 & SI). The broad range of glass

process were applied to a small set of enol phosphates for
the preparation of the corresponding polymers (Table 3).
These new materials were characterized by differential
scanning calorimetry (DSC) and thermogravimetric

transition temperatures (Tg) recorded confirms the wide
variety of characteristics that can be obtained by our
synthetic method. Indeed, glass transition temperatures
varied from 18 to 79 °C by simple permutation of the



functional group in para position of the aryl ring (Entries 1-
6). Quite notably, when a para-phenyl substituent was
introduced as in 2b, the corresponding polymer poly-1b
was obtained as a crystalline material which displayed a
melting temperature of 216 °C (Entry 1). This substitution
pattern clearly influences the polymer degradation
temperature since poly-1b showed only a marginal 5%
weight loss at 296 °C. This unusual stability provides a
better processability to the final material because the
operational window between the melting temperature and
the degradation temperature is significantly expanded.
Functional groups such as fluorine, ethers and thiophene
were well tolerated under the tandem reaction conditions
(Entries 4-7), giving access to functionalized polymers with
good to excellent 1,4-cis stereoselectivity.!® Finally, a
ferrocenyl-containing polydiene (poly-1i, Entry 8) was
readily prepared in two steps from commercially available
acetyl ferrocene, thus highlighting the extent of molecular
diversity accessible with the present approach.2021

m CONCLUSION

In summary, in this contribution we disclosed the
serendipitous discovery of a one-pot [Ni/Mg] orthogonal
tandem catalytic polymerization protocol starting from
readily available enol phosphates. Initial investigations
have been conducted on branched dienes as monomeric
units and served to identify an unorthodox Mg-initiated
polymerization process leading to 1,4-cis-polydienes with a
relatively narrow range of My (20°600-23'960 g.mol!) and
dispersities (1.71-1.76). Even though polymerization
occurred with the sole use of vinyl magnesium phosphate
derivatives, systematic variations of the Mg initiator and of
the structure of the nickel catalyst point to an interplay
between both components.22 The exact nature of this
interaction remains unclear at this stage. The one-pot
[Ni/Mg] orthogonal tandem catalytic polymerization
protocol starting from aryl enol phosphates was developed
next. The system combines a [(P,P)Ni(Il)] complex with a
Mg initiator and produces 1,4-cis-polydienes with
selectivities up to 99% when the reaction is conducted at 70
°C. The availability and modularity of the enol phosphate
monomers permitted adjusting the thermal properties of
the corresponding polymers, ranging from elastomeric to
crystalline materials. While the former are expected for 1,4-
cis polydienes, the latter are usually observed for 1,4-trans
polymers. Current efforts in our laboratories are directed
toward understanding the origin of the interaction between
the Mg initiator and the Ni precatalyst as well as expanding
the scope of applications of this tandem protocol.
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