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ABSTRACT: The regulation of cis-trans configuration is im-
portant for investigating the structure-property relationship and
fine-tuning the properties of olefin-containing polymers. While
classic metathesis polymerization typically yields trans-enriched
polymer backbones, the selective construction of all-cis-configured
polyalkenamers was previously restricted to the use of strained cy-
clic olefins or methyl/ethyl-capped acyclic cis-dienes as mono-
mers. Here, we reported an efficient and diverse-oriented cis-selec-
tive ADMET using readily available terminal acyclic dienes, which
achieves a high cis-percentage of up to 99% and satisfactory molar
mass by a bulky cyclometalated ruthenium-carbene catalyst. This
method is further compatible with trans-olefin embedded triene
monomers, providing a convenient tool for constructing alternative
cis-trans configurations in polyalkenamers. A cis-ADMET-
prepared and G2-degradable polymer was also explored. This work
expands the possibilities for precision polymer synthesis and may
offer new avenues for material design.

Evidenced by the extensive studies on polyisoprenes with all-cis,
all-trans, or mixed cis-trans structures,* the regulation of cis-trans
configuration of main-chain double bonds offers an important ste-
reochemical handle for adjusting and enhancing properties of pol-
ymers with repeating alkene units.> Among various approaches to-
wards olefin-containing polymers, olefin metathesis-based
polymerization methods, including both ring-opening metathesis
polymerization (ROMP) and acyclic diene metathesis (ADMET)
polymerization, are ubiquitously practiced due to its broad struc-
tural and functional group compatibility.® Often, the formation of
sterically less congested olefins is thermodynamically preferred,
yet, the nature of double bond formation at a metal center renders
metathesis polymerization with valuable opportunities to kinet-
ically tune the stereochemistry of the resulting olefin.* The selec-
tive formation of thermodynamically less favored olefin configura-
tions, such as cis-1,2-disubstituted olefins, could be realized by a

series of elegantly developed Mo, W, and Ru catalysts.> Therefore,

while a classic metathesis polymerization often results in mixed
olefin configurations favoring the trans form, cis-enriched polymer
backbones are accessible (Scheme 1a).° For example, significant
progress has been made in cis-selective ROMP, leading to nearly
perfect stereochemical control® and tailored polymer properties in-
cluding light-responsiveness and improved shear stability.** Fur-
ther, an ADMET-based approach to cis-polymer backbones has
been elegantly demonstrated recently by using a stereoretentive
Ru-dithiolate catalyst, which largely broadens the scope of attaina-
ble cis-polyalkenamers beyond cis-selective ROMP.12 While both

Scheme 1. Approaches toward cis-enriched polyalkenamers
via metathesis polymerization and catalyst requirements for
facilitating effective cis-selective ADMET.
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approaches are efficient, the olefinic monomers are limited to
strained cyclic olefins or special methyl/ethyl-capped acyclic cis-
dienes. The use of simple terminal acyclic dienes® in the selective
construction of cis-polyalkenamers remains elusive, despite that
this classic type of monomers is not only structurally diverse but

compatible with trans-olefin embedded
triene monomers
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Scheme 2. Evaluation of cis-selective ADMET with various catalysts.
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also readily available. Hence, it would be highly desirable if cis-
selective ADMET polymerization of terminal dienes could be real-
ized with the same degree of stereochemical accuracy as previous
studies using cis-substrates, which would streamline the production
of a wide array of stereocontrolled polymers for diverse applica-
tions.14

The desired cis-selective ADMET requires the selective con-
struction of cis-double bonds between terminal alkenes during pol-
ycondensation. Among several classes of stereoselective metathe-
sis catalysts, the cyclometalated ruthenium carbene catalysts were
first discovered by the Grubbs group,’ which quickly expand to a
family of catalysts with different chelating structures, NHC back-
bones, aryl side arms, and anionic ligands.'®> These catalysts have
been well explored for cis-selective CM and ROMP with broad
compatibility, and a proposed cis-selective ADMET would share a
similar mechanistic profile as cis-selective CM, with the olefin sub-
stituents pointing away from the NHC side arm during side-bound
cycloaddition/reversion and resulting in cis-olefin configuration.6
However, additional requirements are necessary to facilitate the
achievement of both high cis selectivity and satisfactory molar
mass in cis-ADMET (Scheme 1b). First, since the Ru-carbene cat-
alyst releases a non-diene olefin (typically a substituted styrene)
after the initial catalytic cycle, a sufficiently low catalyst loading
with a high turnover number (TON) is preferred for both practical-
ity and a high molar mass.'” Second, it is often observed that cis-
selectivity drops significantly in late stages of CMs (e.g., >90%

conversion of terminal double bonds), potentially due to the accu-
mulation of decomposed organometallic species and/or increased
reprocessing of generated cis-olefins. Therefore, the desired cata-
lyst for cis-ADMET should be able to not only induce high kinetic
cis-selectivity during bond formation but also maintain it while
pushing the reaction towards almost full conversion. Interestingly,
if the catalysts can also perfectly distinguish the reactivity of ter-
minal and cis-olefins from that of main-chain trans-olefins,8 linear
trienes containing embedded trans-double bonds could potentially
serve as an effective monomer. This may enable the formation of
an alternative cis-trans main-chain configuration that is difficult to
access conventionally. Here, we report cis-selective ADMET
polymerization of terminal acyclic dienes, which exhibits a broad
scope among functionalized skeletons and a high cis-selectivity of
up to 99%.° We also showcased the convenient synthesis of cis-a-
trans polyalkenamers from triene monomers and the full degrada-
tion of one of these polymers using G2 (Scheme 1c).

Di(hex-5-en-1-yl) terephthalate (1) was selected as a model sub-
strate to investigate the proposed cis-selective ADMET polymeri-
zation (Scheme 2a). A group of catalysts was evaluated, including
G2 (Ru-1) and the “classic” cyclometalated Ru-carbene catalyst
Ru-2 bearing a Dipp NHC-side arm. We also synthesized the re-
cently developed Ru-3 and Ru-4 featuring a bulkier Dipep side arm
and a faster-initiation OPh auxiliary, which have been found supe-
rior in several challenging CM and cascade polymerization reac-
tions, 15 157 20 TONs of these catalysts were first evaluated at low-



Scheme 3. Scope for cis-selective ADMET using Ru-4.

TG

—

N

Ny’
@Qﬂ
O Et
Ru NS
3
A N0
O\
Ph

Et Et

N—0 —»
+ =

Ru-4 (0.3 mol%)

1,4-dioxane (1 M), rt, open to N, 18 h

99% cis, M, = 13.5 kg/mol, B = 1.74
98% cis, M, = 16.1 kg/mol, B = 1.88 (30 h)

PRI TSN

P4
97% cis, M, = 10.5 kg/mol, B = 1.59

o

OM

MONO/\/* /©/ n

A
A WO
P72
P8@
92% cis, M,, = 10.9 kg/mol, B = 1.62

99% cis (blue), >98% trans (red)
M, = 8.2 kg/mol, B = 1.48
M, =9.7 kg/mol, B = 1.72 (0.6 mol% of Ru-4)

o]

/S\OM
A

P2
99% cis, M,, = 12.7 kg/mol, b = 1.69

Cl

M

P5
97% cis, M,, = 9.1 kg/mol, © = 1.66

P3

98% cis, M,, = 8.5 kg/mol, B = 1.47

NSNS

P9
96% cis, M, = 7.6 kg/mol, b = 1.43

& Conducted in 1,2-dichlorobenzene. For details, see Supporting Information.

to-medium conversion using monomer 1, with a catalyst loading of
either 300 or 600 ppm (Scheme 2b). The reactions were monitored
until the conversion of terminal double bonds ceased to increase.
While G2 showed a TON of 1030 at 300 ppm loading, the use of
the “classic” cyclometalated Ru-2 catalyst only resulted in a 5.4%
conversion and a TON of 180. The bulkier pivalate catalyst Ru-3
and nitrate catalyst Ru-4 exhibit higher effectiveness, achieving
TONs of 830 and 1770 at the same catalyst loading, respectively.
Ru-2, Ru-3, and Ru-4 were further examined with a catalyst load-
ing of 600 ppm to minimize the potential influence of impurities in
monomer 1, and the measured TONS varied similarly to those with
300 ppm of catalysts. The use of 1000 ppm of Ru-4 was sufficient
in generating P1 with a molar mass of 8.9 kg mol-. However, to
facilitate the access to higher molar masses and an impartial assess-
ment of the catalyst-dependent relationship between molar mass
and cis-percentage, a unified catalyst loading of 0.3 mol% was uti-
lized to investigate the ADMET of 1 with various catalysts
(Scheme 2c). As a benchmark, the use of Ru-1 furnished P1 with a
cis-percentage of 16% and a molar mass of 18.1 kg mol* (entry 1).
When Ru-2 was used, a remarkable cis-percentage of 99% was ob-
served after 18 hours. However, only 93% of the terminal alkenyl
group had reacted, resulting in a relatively low molar mass of P1
(8.4 kg mol). While extending the reaction time did result in
higher molar masses, a significant and continuous decrease in cis-
percentage was observed over time. For example, only a 97% cis
ratio was achieved when the molar mass of P1 reached 10.4 kg mol-
1, which further decreased to 94% when the molar mass increased
to 12.7 kg mol* (entries 2-4). With a bulkier NHC side arm and a
faster initiation rate, Ru-3 bearing a pivalate anion catalyzed a
more efficient cis-selective ADMET than Ru-2, producing P1 with
amolar mass of 13.1 kg mol after 18 hours and 19.5 kg mol-! after
48 hours. However, a significant drop in cis-percentage (from 99%

to 95%) was still observed during the time frame of 18 to 30 hours
(entries 5-7). Finally, the use of Ru-4, a bulkier catalyst with a ni-
trate anion, led to optimal cis-selective ADMET polymerization of
1 that exhibited fast polymerization kinetic, satisfactory molar
masses, and slow erosion of stereoselectivity. After 18 hours of re-
action with Ru-4, P1 was generated with a molar mass of 13.5 kg
mol* and a cis-percentage of 99%. The molar mass continued to
increase to 16.1 kg mol* over the following 12 hours, and the cis-
percentage only slightly decreased to 98% (entries 8 and 9). It is
noteworthy that the ADMET reaction based on a stereoretentive
mechanism using the corresponding ethyl-capped cis-diene could
only afford P1 with 94% cis selectivity and a molar mass of 15.9
kg mol,'2 which highlights the effectiveness of the current ap-
proach based on terminal dienes. The effect of a higher Ru-4 load-
ing (1 mol%) was investigated, resulting in a similar molar mass
(16.6 kg mol) but reduced stereoselectivity (92% cis) after a pro-
longed reaction time (entry 10).

Under the optimal condition, the scope of the cis-selective
ADMET was then investigated. Nine different monomers with di-
verse functional and skeletal features were examined, leading to
polyalkenamers with a cis percentage ranging from 96% to 99%,
except for P8 (Scheme 3). Among these, polyester P1, polysulfite
P2, polycarbonate P3 and polyether P4 could all be accessed with
molar masses larger than 10 kg mol and cis percentage over 97%.
Chlorinated P5 and polysiloxane P6, which possess additional han-
dles for post-polymerization functionalization and/or remolding,
could also be accessed with high cis-selectivity (97-98% cis).2a 210
Moreover, di(but-3-en-1-yl) fumarate, a readily available terminal
diene from fumaric acid, could also be employed. While the newly
formed double bonds are 99% cis, the electron-deficient trans-dou-
ble bonds are well-preserved in the main-chain of P7, providing
electro- and radicalphilic reactivity for further elaboration.?¢ Due



Scheme 4. Construction of alternative cis-trans configurations from triene monomers and a related depolymerization study
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to poor solubility, polyether P8 and unfunctionalized P9 were pre-
pared in 1,2-dichlorobenzene instead of 1,4-dioxane. Additionally,
increasing the catalyst loading from 0.3 mol% to 0.6 mol% could
increase the molar mass of P7 from 8.2 kg mol! to 9.7 kg mol.
The thermal properties of the synthesized cis-polyalkenamers were
measured using thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC), and found to be consistent with the
previous assessment.*2 Among them, the melting temperature (Tm)
of the all-cis P1 could be measured and found lower than a trans-
enriched P1.12

Besides thermal properties, we further aim to evaluate the
chemoselectivity of the cis-selective ADMET against main-chain
trans olefins. As Ru-4 demonstrates high stereoselectivity in form-
ing cis-olefins during ADMET, assuming that 1,2-disubstituted
trans-double bonds in monomers could be completely left alone, a
convenient approach towards well-defined polyalkenamers with
precisely-positioned cis-trans configuration could be envisioned
(Scheme 4a). As a model substrate, triene 10 with a centered trans-
double bond was prepared in a single step from trans-g-hydro-
muconic acid, which is unsuitable for ADMET using conventional
catalysts like G2. If the chemoselectivity of Ru-4 is flawed and the
centered trans double bond cannot be completely left untouched,
the formation of but-3-enoate and/or B,y-unsaturated &-lactone
(11),%2 even in a small amount, would be expected as an indicator.
To our delight, no lactone 11 or other significant side processes was
observed in the ADMET of 10 using Ru-4, indicating perfect
chemoselectivity. The generated semi-crystalline polyester P10,
with a medium molar mass of 5.8 kg mol-, possesses a precise cis-
a-trans configuration, a non-trivial feature that makes it valuable
for structure-property investigations and as models for imprecise
systems. Besides, we found that P10 underwent facile depolymeri-
zation in the presence of G2 and furnished 11 in >98% yield, thus
representing an intriguing switch between an ADMET polymeriza-
tion and an RCM depolymerization (Scheme 4b). The well-toler-
ance of main-chain trans-double bonds appears to be universally
useful for constructing stereo-controlled polymers. In another case,

polyether P12, with an alternatively configured main chain, could
also be produced through the same Ru-4-catalyzed ADMET from

triene 12.2

Scheme 5. Synthesis and depolymerization of a cross-linked
cis~-ADMET-derived polymer.

o) [¢] 0.
_~__O Z F S
O~ o N\F
o 10 y o o)
a1 N
0 (o]
1:0.15 13
) . 1 mol% Ru-4
cis-selective ADMET 1.4-dioxane, rt
open to N,
O o) Mm
_/é:stat=(=\.>_ %
0 (0]
cis olefin trans olefin ©
(0]
SV () USSR .M

cross-linked P10

3 mol% G2

depolymerization l DCM, 35 °C

O
+
®

11, 90% yield

small amount of
remaining polymer
(from 13 and 10)



The high cis-selectivity of Ru-4 could be further utilized to con-
struct a cross-linked ADMET polymer that is G2-degradable
(Scheme 5). A model study performed with triene 10 and 4 mol%
of crosslinker 13 revealed that the terminal double bonds in 10 and
13 had similar reactivity at 80-85% conversion. Accordingly, treat-
ment of 10 with an increased amount of 13 (15 mol%) and Ru-4 (1
mol%) was further carried out, leading to a cross-linked P10 with
alternatively placed cis- and trans-double bonds and a gel content
of 22%. Nevertheless, treatment of the gel-like material with 3 mol%
of G2 in DCM led to its facial degradation, generating 11 in 90%
yield.

In summary, we have developed an efficient cis-selective
ADMET polymerization using readily available terminal acyclic
dienes. A diverse range of stereo-controlled polyalkenamers could
be produced with a high cis-percentage of up to 99%. The use of a
bulky cyclometalated ruthenium carbene catalyst at a typical load-
ing of 0.3 mol% is crucial for maintaining high cis-selectivity while
ensuring satisfactory molar mass. The catalytic system further al-
lows trienes with centrally located trans-double bonds to serve as
monomers, providing convenient access to polyalkenamers with al-
ternative cis-trans configurations. The RCM-depolymerization of
a cis-ADMET-generated polymer was also demonstrated. Overall,
this work expands the possibilities for precision polymer synthesis
and may find further applications in material design.
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