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Ring-Opening Metathesis Polymerization of
Norbornene-Based Monomers Obtained via
the Passerini Three Component Reaction

Dennis Barther and Dafni Moatsou*

Ring-opening metathesis polymerization is a robust method to synthesize

a variety of polymers by using ring-strained molecules as monomers, e.g.,
norbornenes. However, the synthesis of monomers with multiple functional
groups remains a challenge, albeit peptide functional norbornenes have previ-
ously been used. Here, the Passerini three component reaction is exploited

to synthesize norbornenes with two variable functional groups varying in
bulkiness and distance from the polymerizable alkene. The results indicate
that the functional groups do not affect the kinetics of the polymerization,
whereas the length of the linker has a minor effect. Furthermore, a diblock-
type copolymer is synthesized in a one-pot fashion, also indicating good
control of the polymerization process. The thermal properties of all polymers
are evaluated, highlighting the effect of monomer composition. This synthetic
approach can be transferred to a variety of compounds, thus promising highly
diverse polymers with complex compositions and architectures.

to functional groups while maintaining
their catalytic efficiency.l’! The introduc-
tion of functional groups through the
corresponding functional monomer has
allowed the synthesis of, e.g., stimuli-
responsive, protein-binding, self-curing,
or antimicrobial polymers via ROMP.[%I
Indeed, such monomers are often based
on norbornenes due to their stability, high
reactivity, and easy preparation via Diels—
Alder reactions.”! The versatility of these
monomers enables the preparation of a
wide range of functional materials, such
as highly conducting membranes or mole-
cular carriers for drugs.’l Peptide-con-
taining norbornenes are another example
of functional monomers that are of par-
ticular interest as they carry the multifunc-

1. Introduction

In recent vyears, ring-opening metathesis polymerization
(ROMP) has attracted the interest of researchers due to its well-
controlled polymerization kinetics and its versatility.] ROMP is
used for the polymerization of cyclic molecules with high ring
strain containing an olefinic moiety, such as cyclopropenes or
norbornenes.”? Due to the absence of chain transfer and chain
termination events as well as its linear reaction kinetics, ROMP
is denoted as a living polymerization.! The living nature of
the polymerization is often compromised due to the interac-
tion of the functional groups present on the monomer with
the organometallic catalyst.! However, organometallic ruthe-
nium complexes have been shown to exhibit high tolerance
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tional character of the respective peptide,
which is owed to the variety of natural and
synthetic amino acids.””) Recently, such monomers have been
used in the synthesis of brushes or unimolecular micelles that
show potential for biomedical applications as building scaf-
folds for the synthesis of cell-penetrating peptides.'”) While
peptide synthesis typically entails multistep reactions,™ mul-
ticomponent reactions (MCRs) have emerged as an alternative
method to introduce multiple functionalities into a molecule
in a one-step process.? MCRs are particularly attractive in
polymer chemistry where they have been used to introduce
selected functionalities to monomers, /3 polymer end groups, i
but also in the preparation of polymers,” and sequence-
defined oligomers with applications in drug delivery and data
storage.l") MCRs have also been employed in metathesis reac-
tions where, in a recent example, carboxylic acid-functionalized
norbornenes and a range of aldehydes were reacted in an Ugi
four component reaction, resulting in a small library of mono-
mers with dipeptide-like functional groups.J Upon ROMP,
the corresponding polymers were obtained, while by selection
of an enantiomerically pure aldehyde, chiral materials were
also reported. Another versatile MCR is the Passerini three
component reaction (P-3CR) in which a carboxylic acid reacts
with a ketone or an aldehyde, and an isocyanide, yielding an
o-acyloxy amide.'® The resulting polymers have the ability to
hydrogen bond, making them interesting, e.g., in the field of
drug delivery.I
Inspired from the versatility of ROMP and MCRs, we herein
report the synthesis of functional norbornenes using the
P-3CR. This synthetic path enabled the functionalization of
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the monomer with two side groups by variation of the isocya-
nide and the aldehyde component. We investigated the ROMP
kinetics of these endo and exo monomers using the Grubbs
first generation catalyst while the thermal properties of the
resulting polymers, ie., glass transition and decomposition
temperatures were also determined. The aim was to develop a
strategy by which multifunctional monomers are synthesized
and polymerized leading to polymers with designed properties.

2. Results and Discussion

The synthesis of bifunctional monomers suitable for ROMP
started from carboxylic acid bearing norbornenes. The func-
tional groups were introduced via the P-3CR through the cor-
responding aldehyde- and isocyanide-functional moieties:
1-pentyl isocyanide or l-adamantyl isocyanide and propion-
aldehyde or 1-pyrenecarboxaldehyde. In order to assess the
significance of the proximity of the functional group, and par-
ticularly the o-acyloxy amide, to the norbornene alkene for the
subsequent ROMP, the length of the alkane linker between
the precursor norbornene (cis-5-norbornene-2,3-dicarboxylic
anhydride) and the acid group was varied by employing either
glycine or 11-aminoundecanoic acid as the short or long linker,
respectively. ROMP kinetics are well-known to be influenced
by stereoisomerism of the norbornene monomer,' therefore,
in all cases, both the endo and the exo corresponding isomers
were prepared. The overall monomer synthesis yields were sat-
isfactory, ranging from 55% to 94% with the higher yields cor-
responding to the exo aliphatic monomers (Table 1).

The synthesized monomers were then polymerized by
ROMP (Table 2). The polymerizations were performed under
argon atmosphere at ambient temperature, in degassed dichlo-
romethane (DCM) catalyzed by a Grubbs-type catalyst. In order
to obtain the different polymerization rates of exo and endo
norbornenes, the first generation Grubbs (G1) catalyst was
selected. The monomer to catalyst (M:I) ratio was chosen to
be 50:1. After 1 h (P1-P4), or 14 d (P5-P8), the polymerizations
were quenched by the addition of ethyl vinyl ether.

Generally, characterization of the obtained polymers by
size exclusion chromatography (SEC) indicated narrow
molecular weight distributions (Figures S49 and S50, Sup-
porting Information). However, P2 showed a high molecular
weight shoulder, which was not present in the SEC trace of
the corresponding endo-derived polymer P6. Nonetheless, as
the overall dispersity was rather low (Py = 1.17), no further
investigation was conducted. It is herein noted that removal
of ruthenium traces by adding potassium 2-isocyanoacetate
per previous literature was not carried out as it led to cleavage
of the side groups.?”) The molecular weights, determined by
SEC, differed from the expected (Table 2), however this was
attributed to the SEC calibration being based on a different
polymer, namely poly(methyl methacrylate).?!l It is noted that
consistently lower M,s were obtained for the polymers with
bulky side groups, in contrast to the consistently higher M,s
obtained for the alkyl-functional polymers. Furthermore, the
glass transition temperature (T,) and decomposition temper-
ature (Tj) of the homopolymers were determined using dif-
ferential scanning calorimetry (DSC) and thermogravimetric
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analysis (TGA), respectively. The Tgs of the polymers unsur-
prisingly varied according to their functional groups.l??l Both
P2 and P4, which bear an adamantyl and a pyrene group,
exhibited T,s higher than the corresponding alkyl-functional
P1 and P3. Furthermore, differences in the T,s depending on
the length of the alkane linker were also observed. The Ts
of P1 and P3, drastically decreased with increasing length of
the alkane linker (T, P1 =83 °C; T, P3 = -2 °C).[¥! Similarly,
P2 and P4, also differed in thermal properties as the T, of P4
was found to be 92 °C, whereas P2, which is a solid at room
temperature, did not exhibit a T, in the examined temperature
region (25 °C-200 °C) (Figure S51, Supporting Information).
Similarly, the endo-derived analogues exhibited comparable
thermal behaviors. A thermal transition for P6 was not
observed while the Tys of P5, P7, and P8 were found to be
higher than their corresponding exo analogues (Table 2, Figure
S52, Supporting Information). A copolymer, namely P17, pre-
pared by reacting equimolar amounts of M3 and M4 with G1
(M, = 28300 g mol™, Dy = 1.08) exhibited a T, between those
of the corresponding homopolymers (T, P17 = 55 °C) (Figure
S53, Supporting Information). In all cases, the Ty was above
300 °C with the decomposition occurring in multiple steps
(Figures S47 and S48, Supporting Information).

In order to assess and compare the polymerization behavior
of the bifunctional monomers, kinetic studies were conducted
using 'H NMR spectroscopy. The polymerizations were per-
formed in gas-tight NMR tubes, applying the same conditions
as above. The conversion at different time intervals was used
to calculate apparent propagation rate constants (k) (from the
slope of the best linear fit of the In([M,]/[M]) versus time data)
and monomer half-lives (t;,)*¥ (Table 3). Both endo and exo
norbornenes showed pseudo first order behaviors, hence, first
order kinetics were applied for analyses (Figure 1A,B).?>) Minor
trends regarding the effect of the steric hinderance of the side
group and spacer length were observed: the k;s of the exo mon-
omers (M1-M4) showed a slight increase with increasing the
spacer length (from k, M1 = 3.94 x 107 s" to k, M4 = 5.42 x
1073 s71), while the size of the functional groups was not found
to affect the kinetics. In contrast, when endo monomers
(M5-M8) were employed, slightly higher k,s were obtained for
M5 (k, = 1.45 x 107 s7!) attributed to the shorter spacer, and
for M7 (k, = 1.23 x 10°® s7) attributed to the less bulky alkyl
functional groups. In order to determine potential high degree
of polymerization limitations, ROMP with a 200-fold excess of
the exo monomer M1, with respect to the G1, was carried out
obtaining homopolymer P20. Once again, a pseudo first order
behavior was obtained and the calculated k;, value was found to
be 4.36 x 10~% s~! comparable to that obtained for P9 (Table 3).
Characterization by SEC indicated a narrow molecular weight
distribution (M, = 55,600 g mol™, Dy = 1.16, Figure S72, Sup-
porting Information), thus indicating that higher degrees of
polymerization are attainable with comparable kinetics.

In order to evaluate the influence of the structural charac-
teristics of the monomer on their copolymerizability, kinetics
employing two different monomers were conducted using
!H NMR spectroscopy. The comonomer ratio was chosen
to be 1:1 with a targeted total degree of polymerization (DP)
of 50. Copolymerization of the exo monomers M3 and M4
resulted in a similar overall k,, compared to the corresponding
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Table 1. Norbornene bifunctional monomers obtained via the Passerini three component reaction (P-3CR).
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?Reaction conditions: 1.00 eq. acid, 1.50 eq. aldehyde, and 1.50 eq. isocyanide in dichloromethane (DCM) (1 m) were stirred for 48 h at ambient temperature; ®Yield refers

to isolated yield after column chromatography.

homopolymerizations (Figure S67, Supporting Information),
indicating that the bulky side groups of M4 had no retarding
effect on the copolymerization. Copolymerization (P19) of
endo monomers M5 and M6 resulted in a slight increase of k,,
of M6 and in a slight decrease of k, of M5, compared to their
corresponding homopolymerizations (Figure S68, Supporting
Information). In both cases, therefore, the copolymerization
of monomers with the same stereoisomerism proceeded with
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kinetics comparable to the respective homopolymerizations,
regardless of the linker length or the bulkiness of the func-
tional groups. Subsequently, we investigated the copolymeri-
zation of endo and exo norbornenes. Copolymer P18 was syn-
thesized using a mixture of the alkyl-functional exo monomer
M1 and the pyrenyl-adamantyl-functional endo monomer M8.
As previously observed,!"” such a combination slows down the
polymerization of the fast monomer and accelerates that of

© 2021 The Authors. Macromolecular Rapid Communications
published by Wiley-VCH GmbH
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Table 2. Schematic: Ring-opening metathesis polymerization (ROMP) of exo (left) and endo (right) norbornene monomers using G1 catalyst. Table:
Molecular weight, dispersity, and thermal characteristics of the homopolymers synthesized by ROMP of the bifunctional monomers.
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N H)ko R2 DCM ~ bom @
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R1 — }%/\/\/’ -E
R2= N, ¥ é“c
Polymer? Monomer Conversion [%]” M, yeo [g mol ]9 M, [g mol™]9 Dy T [°C19) Ty eCP
P1 M1 >99 18900 23000 1.10 83 319
P2 M2 >99 30700 22400 117 - 310
P3 M3 >99 25200 32000 1.07 -2 347
P4 M4 >99 37000 28800 1.09 92 305
P5 M5 74 13900 18700 1.06 99 328
P6 M6 67 20500 15400 n - 323
P7 M7 63 15800 22100 1.06 1 349
P8 M8 64 23600 20300 1.08 14 306

AReaction conditions: 0.1 M monomer in DCM with 2 mol% G1for 1 h (P1-P4) or 14 d (P5-P8) at ambient temperature;
by the conversion; 9Determined by size exclusion chromatography (SEC); ©Onset, determined by differential scanning calorimetry (DSC);

loss, determined by thermogravimetric analysis (TGA).

the slow monomer. Therefore, the pseudo first order kinetics
is skewed (Figure 1C). With M1 still present in the reaction
mixture, the consumption of M8 (in P18) was accelerated
compared to its homopolymerization, while after complete
consumption of M1, the polymerization of M8 decelerated
again and the pseudo first order kinetics was restored. Owing
to the fast consumption of the exo monomer compared to the
polymerization of the endo monomer, a diblock-like copol-
ymer was obtained (M, = 16,200 g mol™, Dy = 1.17).12° It is
noted that both blocks are diluted by the building block of
the other block, as evidenced by determining the copolymer
composition at different time points through the conversions
(Figure 1D). The first datapoint (at =6 min) showed that ~6%
of the endo M8 and 14% of the exo M1 had polymerized, corre-
sponding to a copolymer with a relative composition of 0.7 for
M1. Over the subsequent 2 h, this value gradually increased
as M1 was rapidly consumed and reached a maximum value
of 0.85. At this point, M1 had not been fully consumed (con-
version =72%) and M8 had reached a conversion of 13%, thus
confirming the M8 “diluted” M1 block composition. Over the

Macromol. Rapid Commun. 2021, 42, 2100027

2100027 (4 of 6)

b)Determined by 'H NMR spectroscopy; 9Calculated
A Temperature at 10% weight

next days, both monomers were slowly consumed with the
M1 reaching 100% conversion after 45 h and M8 reaching
74% conversion after 336 h. Therefore, the second block was
deemed to be an M1 “diluted” M8 block.

3. Conclusion

In summary, we synthesized functional exo and endo nor-
bornenes via P-3CR and subsequently polymerized them via
ROMP. The polymerization process was found to be well con-
trolled, observing linear reaction kinetics and narrow molecular
weight distributions for all monomers. The resulting polymers
ranged from viscous liquids to glassy solids, as determined by
their glass transition temperatures, depending on the func-
tional groups present. Furthermore, copolymers were synthe-
sized by combining different monomers, while a diblock-like
copolymer was also attainable in a one-pot reaction. The herein
described strategy thus allows the straightforward design of
highly diverse and multifunctional polymers.

© 2021 The Authors. Macromolecular Rapid Communications
published by Wiley-VCH GmbH
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Table 3. Summary of kinetic analyses of the homopolymerizations (P9—P16, P20) and the copolymerizations (P17-P19) of the bifunctional monomers.

Polymer Monomer Type Conversion [%]?) Reaction Time [h] ko [T b, []9
P9 M1 exo >99 0.37 3.94%107° 0.049
P10 M2 exo >99 0.38 3.46 x107° 0.056
P11 M3 exo >99 0.28 4.56 1073 0.042
P12 M4 exo >99 0.27 5.42 %1073 0.036
P13 M5 endo 83 335 1.45 %107 133
P14 M6 endo 75 335 1.05x107¢ 183
P15 M7 endo 78 340 1.23x10°° 156
P16 M8 endo 74 340 1.05x107¢ 183
P17 M3 exo >99 0.27 5.57 %1073 0.034
M4 exo
P18 M1 exo >99 336 - -
M8 endo 74 - -
P19 M5 endo 76 334 1.11x10°° 173
M6 endo 77 1.22x10°° 158
p209 M1 exo >99 0.37 439 %107 0.044

ADetermined by '"H NMR spectroscopy before quenching; P)Calculated from conversion using first order kinetics; 9Calculated from the linear regression fits using
ti2=In(2) [ky 9The monomer to G1 ratio was 200:1.
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Figure 1. Kinetic plots of the A) homopolymerizations of exo monomers M1-M4, B) homopolymerizations of endo monomers M5-M8, C) copolymeri-
zation (P18) of M1 and M8 and homopolymerizations of the respective monomers, and D) molar fraction (x;) of M1 in the copolymer P18 as a function
of polymerization time, based on 'TH NMR spectroscopy data. Lines represent linear fits.

Macromol. Rapid Commun. 2021, 42, 2100027 2100027 (5 of6) © 2021 The Authors. Macromolecular Rapid Communications

published by Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

Macromolecular
Rapid Communications

www.advancedsciencenews.com

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

The MWK Baden-Wiirttemberg research seed capital (RiSC) is
acknowledged for financially supporting this work. The authors want
to thank Prof. M.A.R. Meier for providing the lab infrastructure and
scientific insights, as well as Prof. P. Théato for kindly allowing SEC and
TGA measurements. Mr. Stefan Frech is acknowledged for assisting with
TGA measurements.

Open access funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that supports the findings of this study are available in the
supplementary material of this article.

Keywords

kinetics, living polymerization, multicomponent reactions, norbornenes,
Passerini, ROMP

Received: January 13, 2021
Revised: February 9, 2021
Published online: March 1, 2021

[1 a) F. Vidal, J. McQuade, R. Lalancette, F. Jikle, J. Am. Chem. Soc.

2020, 142, 14427; b) S. Varlas, S. B. Lawrenson, L. A. Arkinstall,

R. K. O'Reilly, J. C. Foster, Prog. Polym. Sci. 2020, 107, 101278;

c) ). K. Su, Z. Jin, R. Zhang, G. Lu, P. Liu, Y. Xia, Angew. Chem., Int.

Ed. 2019, 58, 17771.

a) J.-). Peng, B. Panda, K. Satyanarayana, H.-R. Yang, S.-L. Huang,

M. J. Huang, C.-h. Chen, G. Lai, Y.-Y. Lai, T.-Y. Luh, Macromolecules

2019, 52, 7749; b) B. Song, L. Zhang, H. Yin, H. Liang, ). Zhang,

H. Gu, Polym. J. 2020, 32, 1.

a) L. R. Gilliom, R. H. Grubbs, J. Am. Chem. Soc. 1986, 108, 733;

b) R. Singh, C. Czekelius, R. R. Schrock, Macromolecules 2006, 39,

1316.

a) C. Slugovc, S. Demel, S. Riegler, ]. Hobisch, F. Stelzer, J. Mol.

Catal. A: Chem. 2004, 213, 107; b) T. M. Trnka, R. H. Grubbs, Acc.

Chem. Res. 2001, 34, 18.

[5] A. F. M. Kilbinger, Synlett 2019, 30, 2051.

[6] a) X. Liu, G. Qiu, L. Zhang, F. Liu, S. Mu, Y. Long, Q. Zhao, Y. Liu,
H. Gu, Macromol. Chem. Phys. 2018, 219, 1800273; b) S. Varlas,

[2

3

[4

Macromol. Rapid Commun. 2021, 42, 2100027

2100027 (6 of 6)

www.mrc-journal.de

Z. Hua, J. R. Jones, M. Thomas, J. C. Foster, R. K. O'Reilly, Macro-

molecules 2020, 53, 9747; c) Z. Liu, Y. Zhu, W. Ye, T. Wu, D. Miao,

W. Deng, M. Liu, Polym. Chem. 2019, 10, 4006; d) R. Baumgartner,

K. Ryba, Z. Song, R. Wang, K. Harris, ]. S. Katz, ). Cheng, Polym.

Chem. 2016, 7, 5093; e) A. Palantoken, M. Sari Yilmaz, N. Aytekin

Unubol, E. Yenigul, S. Piskin, T. Eren, Eur. Polym. J. 2019, 112, 365.

a) E. G. Mamedoy, E. I. Klabunovskii, Russ. J. Org. Chem. 2008, 44,

1097; b) Z. Zhang, Z.-W. Peng, M.-F. Hao, ).-G. Gao, Synlett 2010,

2010, 2895.

[8] a) F. Caputo, F. Clerici, M. L. Gelmi, D. Nava, S. Pellegrino, Tet-

rahedron 2006, 62, 1288; b) W. Chen, M. Mandal, G. Huang,

X. Wu, G. He, P. A. Kohl, ACS Appl. Energy Mater. 2019, 2, 2458;

c) H. Yu, S. Lin, D. Sun, Q. Pan, High Perform. Polym. 2020, 32,

729; d) G. Qiu, L. Zhao, X. Liu, Q. Zhao, F. Liu, Y. Liu, Y. Liu, H. Gu,

React. Funct. Polym. 2018, 128, 1.

J. Fan, Y. P. Borguet, L. Su, T. P. Nguyen, H. Wang, X. He, ]. Zou,

K. L. Wooley, ACS Macro Lett. 2017, 6, 1031.

[10] a) S. Lv, H. Kim, Z. Song, L. Feng, Y. Yang, R. Baumgartner,
K.-Y. Tseng, S. ). Dillon, C. Leal, L. Yin, J. Cheng, J. Am. Chem. Soc.
2020, 742, 8570; b) J. M. Sarapas, C. M. Backlund, B. M. deRonde,
L. M. Minter, G. N. Tew, Chem. - Eur. J. 2017, 23, 6858.

[11] K. G. Varnava, V. Sarojini, Chem. -Asian J. 2019, 14, 1088.

[12] a) P. Théato, ).-P. Dilcher, Multi-Component and Sequential Reac-
tions in Polymer Synthesis, Springer, Heidelberg, Germany 2015;
b) P. Stiernet, P. Lecomte, ). de Winter, A. Debuigne, ACS Macro
Lett. 2019, 8, 427.

[13] L. Reguera, D. G. Rivera, Chem. Rev. 2019, 119, 9836.

[14] W. Konrad, F. R. Bloesser, K. S. Wetzel, A. C. Boukis, M. A. R. Meier,
C. Barner-Kowollik, Chem. - Eur. J. 2018, 24, 3413.

[15] A. Travanut, P. F. Monteiro, S. Oelmann, S. M. Howdle,
A. M. Grabowska, P. A. Clarke, A. A. Ritchie, M. A. R. Meier,
C. Alexander, Macromol. Rapid Commun. 2020, 51, 2000321.

[16] a) S. Oelmann, A. Travanut, D. Barther, M. Romero, S. M. Howdle,
C. Alexander, M. A. R. Meier, Biomacromolecules 2019, 20, 90;
b) C. E. Arcadia, E. Kennedy, ). Geiser, A. Dombroski, K. Oakley,
S.-L. Chen, L. Sprague, M. Ozmen, |. Sello, P. M. Weber, S. Reda,
C. Rose, E. Kim, B. M. Rubenstein, . K. Rosenstein, Nat. Commun.
2020, 171, 691.

[17] C. V. Robotham, C. Baker, B. Cuevas, K. Abboud, D. L. Wright, Mol.
Diversity 2003, 6, 237.

[18] a) M. Passerini, L. Simone, Gazz. Chim. Ital. 1921, 51, 126;
b) M. Passerini, L. Simone , Gazz. Chim. Ital. 1931, 61, 964.

[19] D. Moatsou, C. F. Hansell, R. K. O’Reilly, Chem. Sci. 2014, 5, 2246.

[20] B. R. Galan, K. P. Kalbarczyk, S. Szczepankiewicz, J. B. Keister,
S. T. Diver, Org. Lett. 2007, 9, 1203.

[21] C. M. Kok, A. Rudin, Makromol. Chem., Rapid Commun. 1981, 2,
655.

[22] T. Ishizone, R. Goseki, Polym. J. 2018, 50, 805.

[23] H. K. Reimschuessel, J. Polym. Sci., Polym. Chem. Ed. 1979, 17,
2447.

[24] S. C. Radzinski, J. C. Foster, R. C. Chapleski, D. Troya, |. B. Matson,
J. Am. Chem. Soc. 2016, 138, 6998.

[25] D. ). Walsh, S. H. Lau, M. G. Hyatt, D. Guironnet, J. Am. Chem. Soc.
2017, 139, 13644.

[26] M. Yasir, P. Liu, ). C. Markwart, O. Suraeva, F. R. Wurm, J. Smart,
M. Lattuada, A. F. M. Kilbinger, Angew. Chem., Int. Ed. 2020, 59,
13597.

7

El

© 2021 The Authors. Macromolecular Rapid Communications
published by Wiley-VCH GmbH



