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ABSTRACT

A new type of tricyclic oxanorbornene monomer was developed for living ring-opening metathesis
polymerization (ROMP). A methyl group located at the endo-position of the oxanorbornene
bicycle resulted in polymerization kinetics orders of magnitude slower than the corresponding
hydrogen-substituted monomers because of steric effects. Both monomers showed well-controlled
molecular weights and excellent dispersities with Grubbs' third-generation catalyst. The slower
endo-methyl substituted monomers could even be polymerized in a well-controlled manner using
Grubbs' second-generation catalyst. Investigations of random copolymers demonstrated that the
steric hindrance only affects the rate of propagation rather than the rate of initiation. Block
copolymers between the fast and slow monomers could be prepared with good molecular weight

and dispersity control.



INTRODUCTION

Ring opening metathesis polymerization (ROMP), as an efficient and reliable technique for
synthesizing linear polymers, has been widely used in material science, academic research and
industrial applications.!* In ROMP, norbornene and its derivatives are most commonly used due
to their high ring strain and easy incorporation of substituents.” Oxanorbornenes are structurally
similar to norbornenes, however, they are typically prepared from furan derivatives, such as
furfural, a renewable resource obtained from agricultural waste.!®!! Oxanorbornenes, therefore,
have a unique advantage over traditional norbornene derivatives in terms of ecologic friendliness

while being similarly reactive.'>!3

Typically, oxanorbornenes are synthesized from furan and an electron deficient olefin via the
Diels-Alder (D-A) reaction.!*? Michael North's group explored derivatives of oxanorbornene 1 as
novel reactive monomers for the synthesis of polymers via ROMP with Grubbs' second-generation
catalyst (G-1II, 2).1!7 G-II (2) possesses an exceptionally high activity in olefin metathesis and is
often employed for cross and ring-closing metatheses.”’”-? Nevertheless, it typically yields
polymers with uncontrolled molecular weights and large dispersities owing to its slow initiation
and high propagation rates (low ki/kp; ki = the rate constant for initiation, kp = the rate constant
for propagation)**?! and competing chain-transfer reactions.’>** However, the polymerization of
monomers was typically very slow (up to 72 h) causing difficulties to form large block copolymers
which limited their applications in ROMP. Then, structurally similar N-substituted lactams
derivatives of oxanorbornene 4 possessing an exo-orientated carboxylic acid were found to display
well-controlled and extremely rapid polymerizations in the presence of Grubbs 3 generation

catalyst (G-III, 5). 1812 Here, we describe the synthesis of several tricyclic monomers suitable for



living ROMP based on biomass derived furfuryl amine. The monomers can be readily

functionalized and, despite their bridgehead substitution, often polymerized rapidly.
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Scheme 1. Previous work on the synthesis of bio-based ROMP polymers from oxanorbornenes

RESULTS AND DISCUSSION

To avoid a sterically demanding substituent (CH,COX) in the endo-position of the oxanorbornene
ring, we designed a secondary amine derivative of furan (7) as the starting material to carry out an
amidation followed by a Diels-Alder (D-A) reaction with (meth)acryloyl chloride (8, 9). In this
way we obtained a tricyclic N-substituted lactam derivative of oxanorbornene (10, 11) (Scheme
2). Only the exo-derivatives of the fused lactam ring were formed in monomers 10 and 11
presumably due to a lower ring strain compared to the hypothetical lactam ring formed between

the bridgehead and the endo-position.



R

_ N’
0] B o
Diels—Alder reaction /
+
H 8 10a-f

R
(5 o
o :
Ta-f + H \H)kCI Diels—Alder reaction o

Scheme 2. Synthesis of bridgehead-substituted oxanorbornene monomers 10a-f and 11a-f.

Monomers 10 and 11 are identical except for an endo-methyl group in the 6-position of the
oxanorbornene bicycle. We attempted a polymerization initiated with G-II (2 mol%) in
dichloromethane (DCM) with monomer 10a and 11a respectively. As we expected, 11a formed a
gel immediately upon exposure to G-II indicating the formation of a high molecular weight
polymer and loss of molecular weight control. Monomer 10a on the other hand formed a polymer
within 10 hours with a molecular weight that was just little higher than the one aimed for (M obtained)
= 1.91x10* vs. Myqareen = 1.43x10%) but exhibiting a very good dispersity (B = 1.13) based on
chloroform gel permeation chromatography (GPC). Subsequently, following the same protocol,
we successfully obtained the homopolymers poly-10a and poly-10b, which had controlled
molecular weights (too high by ca. 30-70%) and narrow dispersities (b < 1.18; table 1, entry 1 -

2) at varying monomer to initiator ratios.

Next, Grubbs' third-generation catalyst (G-III, 5) was investigated as initiator in ROMP with

monomers 10 due to its rapid rate of initiation (high ki/kp).> As expected, the polymerizations of



monomers (10a, 10b, 10f) exhibited better molecular weight control and better dispersities (D <
1.10, Table 1, 3 - 4, 6) when varying the monomer to initiator ratios compared to those shown for
G-II (Table 1). Similar result was obtained for the polymerization of monomer 10c (Table 1, entry
5) for monomer to initiator ratios smaller than 60 :1 (for ratios greater than 50:1, the polymer starts
to precipitate from chloroform solution and it was difficult to detect the signal peak in the
chloroform GPC). Although the homopolymerizations of monomers 10d and 10e occurred
successfully in DCM with nearly full conversion, the polymers precipitated during the
polymerization and after work-up the dried polymers obtained were insoluble in all solvents

(chloroform, THF, DMF) tested.



Table 1. Molecular weight data for the homopolymerization of monomers 10 at varying monomer

(10a-10c¢, 10f) to initiator (G-I, G-III) molar ratios. [

1.2 or 5, DCM
O 2. Ethylvinylether

entry Monomer(-R) catalyst ratio!®! M, caie. (kDa)lel - M, ons(kDa)!d! b

25 71 11.8 1.10

50 143 19.1 1.13

I 10aCPMB) G-I 75 214 29.9 1.10
R L 285 373 1.10

50 9.0 153 1.15

2 10b(-Me) G-Il 75 13.4 217 1.18
a0 179 80 113

20 57 6.0 1.07

30 8.6 96 1.06

3 10a(-PMB) G-Il 40 114 11.0 1.08

50 143 16.2 1.04
a0 85 08 103

30 54 55 1.09

40 72 97 1.06

4 10b(-Me) G-I 50 9.0 113 107
100 179 200 104

30 72 70 1.07

40 96 11.6 1.05

> 10¢(-Ph) G-I 50 12.1 13.0 1.06
. s 160 104

30 6.4 82 1.06

40 102 92 1.10

6 10f(-Bn) G-I 50 12.8 16.0 1.04

100 255 298 1.03

[a] All reactions were carried out at room temperature in dichloromethane and all reactions had
gone to completion overnight. [b] monomer/catalyst. [c] calculated from the theoretical degree of
polymerization. [d] determined by GPC (chloroform).
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Figure 1. Propagation kinetics of monomers 10a-c, 10f (0.06 mmol) using initiator 5 (0.002
mmol) in 1 mL DCM-d,.

However, regardless of whether G-1I or G-III was used as the initiator, all polymers obtained
showed a linear relationship between molecular weight and monomer/catalyst ratio (supporting
information Figure S79). Overall, G-III can clearly improve the molecular weight control and

dispersity for monomers 10, but it does not significantly shorten the reaction time.

In addition, we attempted to extract kinetic data from the signal intensities obtained by 'H NMR
spectroscopy of monomers 10a-c, 10f. 1,3,5-Trimethoxybenzene was used as internal standard
(ppm =5.95 - 6.00) to measure and calculate the consumption of monomers 10 (ppm = 6.20 - 6.40)
with G-III. The data obtained was found to fit first order kinetics with kinetic constants k ranging
from 5.7 - 8.2 x 10 s''at 298 K (Figure 1, supporting information Table and Figure S1-S4), which
represented an increase by an order of magnitude compared to monomer 1 (Scheme 1)!¢!7. Next,
the same protocol was employed to explore the polymerization kinetics of monomer 10f with
initiator G-II (supporting information Table and Figure S5). As shown in Figure 2, G-II showed
its lower initiation efficiency in ROMP (< 60 min) compared with G-III. However, we observed

that the character of slow propagation made the conversion of monomer 10f with G-II fit to zero



order kinetics (> 60 min, Figure 2). Meanwhile we continued to observe the signal peak belonging
to the non-initiated benzylidene complex of G-Il at 19.1 ppm by 'H NMR spectroscopy despite the
monomer having been consumed completely (supporting information, Figure S5). The fraction of
unreacted G-II benzylidene complex also explained why the molecular weights obtained were
much higher than calculated. We, therefore, concluded that the low propagation rate of the

monomer could partly compensate the poor initiation characteristics of G-II.
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Figure 2. Polymerization of monomer 10f with catalysts G-II and G-III. Monomer conversion is
plotted vs. reaction time. The data originated from Table S4 - S5 and Figure S4 - S5 in the
supporting information.

Compared with the slow monomers 10, monomers 11a-11c polymerized to completion within 5
minutes using initiator G-III (Figure 3a) which was too fast to capture kinetic data by 'H-NMR

spectroscopy.



Scheme 3. X-ray single crystal structures of monomers 10a (left) and 11a (right).

Table 2. Molecular weight data for the homo polymerization of monomers 11 at varying molar

ratios with respect to catalyst. [

1.5, DCM
O 2. Ethylvinylether

e

entry Monomer(-R) catalyst Ratio M, cale. (KDa)®! M, ops(KDa)l¢! bl
25 6.8 6.2 1.08

50 136 135 1.04

I 1a(-PMB) G-Il 75 203 21.0 1.06
00 70 311106

25 41 2.9 1.08

50 83 59 1.11

2 ITb(-Me) G-I 75 124 85 107
ot 165 107 111

25 57 6.1 107

50 114 123 1.04

3 He(-Ph) - G-I 75 17.0 16.7 1.05
100 227 213 1.05

[a] All reactions were carried out at room temperature in dichloromethane and all the reactions
had gone to completion within 30 min. [b] calculated from the theoretical degree of polymerization.

[c] determined by GPC (chloroform).



The polymers obtained showed controlled molecular weights, narrow dispersities (Table 2) and a
linear relationship between molecular weight and monomer/ catalyst ratio (supporting information
Figure S80). Moreover, the solubility of poly-11c in chloroform was significantly improved
compared to poly-10c. The only difference between the two monomers is the methyl group located
at the endo-position, which is clearly the reason hindering the propagation in ROMP. In order to
confirm the steric effect of the methyl group in ROMP, two single crystals (10a, 11a; Scheme 3)
were grown (chloroform and hexane, see supporting information) and analyzed by single crystal
x-ray diffraction. It appears unlikely that either the exo-lactam ring (10a,11a) or the endo-methyl
group (10a) affect the coordination of the ruthenium carbene complex to the exo-face of the
oxanorbornene double bond. A hindered propagation after ring-opening of the oxanorbornene

bicycle is, therefore, a more likely scenario in our opinion.

10
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Figure 3. 'H-NMR spectra showing the region of the double bond signals in monomers 11a and
10f. (a) 'H NMR spectra for monomer 11a (red, top). The monomer was consumed completely
within 5 minutes after G-III was added (black spectrum, bottom). (b) 'H NMR spectra recorded of
the copolymerization of monomers 11a and 10f with G-III, blue). The pure monomers 10f (black)
and 11a (red) as well as the mixture of both (green) before addition of G-III is shown. The
polymerization rate is drastically reduced by the addition of 10f to 11a (blue spectrum after 2h of
polymerization time).
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To prove this hypothesis, we attempted to introduce 1,5-cyclooctadiene (COD), which is sterically
unhindered, to the polymerization of 10f. We observed that with increasing amounts of COD,
monomer 10f could complete full monomer conversion in shorter time (Figure 4), e.g., the
polymerization completed in 2 hours instead of 10 hours when 4 equiv of COD were added. This
supported our hypothesis that the ring-opening reaction of 10f was indeed fast and that the resulting
ruthenium carbene complex was sterically very demanding. This sterically demanding carbene
complex is slow to react with another larger monomer 10f but reacts quickly with the sterically
less demanding COD. The ring-opened COD on the other hand represent a ruthenium-carbene
complex of very low steric demand and can, therefore, immediately react with 10f, which has a
higher ring strain than COD. In this manner addition of COD results in an increased consumption

of 10f.
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Figure 4. Following the copolymerization of monomer 10f and O - 4 equivalents of COD over
time. The data originated from Table S6 and Figure S4, S84 - S86 in the supporting information.

We noticed that even after a polymerization time of 2 hours, monomer 11a (8 = 4.8 - 5.0 ppm)

could still be observed in the mixture and that it was consumed at the same rate as monomer 10f.

12



Furthermore, a mixture of equal amounts of fast monomer 11a (15 equiv) and slow monomer 10f
(15 equiv) were investigated in a copolymerization with G-III followed by "H-NMR spectroscopy
(Figure 3b). This was totally contradictory to the block-like copolymer synthesized in one step
using a mixture of fast and slow monomers reported by us previously.** From this observation we
conclude that our initial hypothesis was correct and that the cross-propagations of monomers 11a
and 10f must be virtually identical. In other words, both 10f and 11a are initiated equally quickly
and hence statistically and, therefore, the retarded propagation of 10f can slow down the entire

copolymerization.

Subsequently, we examined the potential of block copolymerization of these two monomers. We
set up two polymerizations using 10f (50:1 monomer/initiator 5) as the first polymer block. After
10 hours, either 10 equivalents of monomer 10a or monomer 1la were added and the
polymerizations continued for a further 10 hours or 30 minutes, respectively. The resulting two
block copolymers both showed low dispersities (Table 3, entry 1 and 2) when analyzed by
chloroform GPC. We then selected two monomers for the second block of diblock copolymers
who's respective homopolymers were insoluble in many solvents (10d and 10e, see above). Block
copolymer poly(10f-b-10e) showed good molecular weight and dispersity control (B = 1.03, Table
3, entry 3) while the block copolymer poly(10f-b-10d) showed a molecular weight lower than
targeted (16.3 vs 27.2 kDa) but with good dispersitiy (b = 1.26 (Table 3, entry 4) based on
chloroform GPC. After deprotection of the BOC protecting group in poly(10f-b-10e) (Table 3,
entry 5), the observed (GPC) molecular weight was also much lower than calculated and the GPC
retention time was almost identical to that of poly(10f-b-10d) (Figure 5a). We speculate that

intramolecular H-bonds of the amide containing polymer block (10d) are responsible for a

13



reduction of the hydrodynamic radius and hence apparent lower molecular weight in GPC

measurements.
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Table 3. Molecular weight data for the block copolymerization at varying monomer to catalyst
molar ratios.l?!

Entry  monomer 1 monomer 2 catalyst ratio (IIZIBZI)CM (112/[[;:;;[1] ptil
1 10f™! 10ale! G-III 50/10/1 15.6 19.0 1.04
2 10fT0! 11alf G-1II 50/10/1 155 149 1.04
3 10f™! 10ee! G-III 100/10/1 282 30.5 1.03
4 10fT0! 104t G-I 100/10/1 272 163 1.26
5 101! 10dtee! G-I 100/10/1 272 189 1.16
6 10f™! 11att G-III 50/50/1 26.3 33.0 1.03
7 1111 10ale! G-1II 50/50/1 26.3 23.8 1.14
8 1114 10ale! G-1II 50/50/1 26.3 220 1.14
9 11414 11alf G-1II 50/50/1 25.6 229 1.14

[a] Unless indicated all reactions were carried out at room temperature in dichloromethane. [b] 10
hours between addition of monomers. [c] 30 minutes between addition of monomers. [d] 10
minutes between addition of monomers. [e] 10 hours reaction time. [f] 30 minutes reaction time.
[g] BOC-deprotected form of poly(10e) block. [h] M, was calculated from the theoretical degree
of polymerization. [i] Determined by GPC (chloroform); dispersities shown in bold italics do not
represent the entire distribution but only the highest molecular weight peak in a bimodal
distribution

Next, we attempted to prepare a diblock copolymer from equal amounts of monomers 10f and 11a
initiated with G-III (50/50/1). Unfortunately, the polymer obtained showed a bimodal distribution
in GPC (chloroform). We believe that propagating poly(10f) based on a slower, sterically hindered
monomer, iS a poor macroinitiator. In combination with the faster monomer 11a at higher
concentration (Table 3 entry 6) peak broadening and a bimodal distribution can be expected due
to incomplete macro-initiation. We, therefore, continued to investigate diblock copolymers in

which the first polymer block was always based on fast monomer 11f.

15
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Figure 5. Normalized GPC refractive index traces with block polymer.

We next polymerized monomer 11f as the first polymer block, which was consumed completely
within 5 minutes (Figure 3a). After 30 minutes, 50 equivalent of either monomers 10a or 11a were
added in three different experiments (Table 3, entries 7, 8, 9; Figure 5 c entries 7, 8, 9). In the first
two experiments, monomer 10a was added after either 30 min or 10 min to the propagating
poly(11f). Almost identical GPC (chloroform) traces were observed for both diblock copolymers
(Figure 5 - c, entries 7, 8). However, when monomer 11a was added to propagating poly(11f) a
diblock copolymer was obtained with a noticeable shoulder towards lower molecular weights
(chloroform GPC). As both monomers 11a and 11f are sterically unhindered, we believe that subtle
kinetic differences might be responsible for the observed shoulder in the GPC elugram. The
analogous monomers carrying an endo-methyl group (10a and 10f) were shown to exhibit slight

differences in their rate of propagation (Figure 1). Assuming that, in analogy, 11a propagates

16



slightly faster than 11f, this effect could have contributed to the observed shoulder in the GPC

trace.

CONCLUSION

In summary, we have successfully developed a new type of biobased tricyclic oxanorbornene
derivative for the ring-opening metathesis polymerization. The polymerizations are shown to
afford homopolymers with well-controllable molecular weight, excellent dispersities (D < 1.10)
and a linear relationship between molecular weight and monomer/ initiator ratio with Grubbs third-
generation catalyst (G-III, 5). Two types of monomers differing in an endo-methyl group were
prepared via our synthetic pathway. Monomers 11 (without endo-methyl group) could be
polymerized within minutes, orders of magnitude faster than monomers 10 (carrying the endo-
methyl group), which typically needed around 10 hours to polymerize. However, the dramatically
reduced rate of propagation of monomers 10 allowed them to be polymerized in a living fashion
using Grubbs' 2" generation initiator (G-II, 2). Homopolymers with well-controllable molecular
weight, good dispersities (B < 1.18) and a linear relationship between molecular weight and
monomer/ initiator ratio could be obtained. An NMR study of random copolymer formation
between 10f and cyclooctadiene (COD) as well as 10f and 11a suggested that the reactivity of
propagating poly (10f) is significantly lower than that of poly (11a) while the reactivities of 10f

and 11a are most likely similar.
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