ROYAL SOCIETY
OF CHEMISTRY

Chemical
Science

View Article Online

EDGE ARTICLE

View Journal | View Issue,

Unsymmetrical difunctionalization of
cyclooctadiene under continuous flow conditions:
expanding the scope of ring opening metathesis
polymerizationt}

i ") Check for updates ‘

Cite this: Chem. Sci,, 2018, 9, 1846

Xianwang Sher\,"’:3 Honghong Gong,? Yang Zhou,? Yucheng Zhao,? Jun Lin @ *P
and Mao Chen @ *2

(FCOEs) are

polymerization (ROMP). Herein, a new library of disubstituted FCOEs bearing adjacent heteroatoms

Functionalized cyclooctenes important monomers in ring-opening metathesis

were synthesized and applied in ROMP. To address the issues associated with the handling of the
reactive thienyl chloride intermediate, a two-step continuous flow method has been developed to

prepare 5-thio-6-chlorocyclooctene compounds from abundant cyclooctadiene starting materials.

These newly synthesized FCOE monomers were subsequently polymerized through ROMP, giving rise
Received 23rd October 2017 t £t ti lized | ith high L L ights. Furth d trated
Accepted 5th January 2018 o a range of functionalized polymers wi igh molecular weights. Furthermore, we demonstrate

that the thermal properties of these polymers could be fine-tuned by changing the functional groups

DOI: 10.1039/c75c04580n in the FCOE monomers. We expect that this functionalization-polymerization strategy will enable the
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Introduction

The development of synthetic methods to access functionalized
polymers is of considerable interest due to the interesting
physical and chemical properties associated with these mate-
rials. As a result, extensive efforts have been made to accom-
plish this task by designing well-tailored monomers for
different synthetic methods, such as controlled radical poly-
merization' and ring-opening metathesis polymerization
(ROMP).> Alternatively, a number of methods for the post-
synthetic modification of polymers have also been developed.®
Due to the robustness and functional group tolerance of ROMP,
it has become one of the most powerful methods for accessing
polymers bearing a wide range of functionalities,* thus enabling
the development of materials for drug delivery,” the manipula-
tion of liquids,® ion exchange’ and other uses.* While this
method is widely utilized, the most frequently used monomers
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preparation of a range of polymeric materials with complex structures.

are norbornene, cyclobutene and cyclooctadiene.* A simple
method that could provide cyclic olefins with various substitu-
ents is important for expanding the scope of functionalized
polymers.

FCOE derivatives are a class of the most widely used mono-
mers for ROMP.****° Among the many applications of poly
(FCOE)s,*8¢-=*k ROMP of FCOEs followed by hydrogenation
yields linear polyolefins with well-defined chemical structures
possessing a wide range of side chains.®** This represents
a useful approach to high-precision functionalized poly-
olefins,”** which are otherwise difficult to synthesize.'® To
further explore the utility of ROMP, it is necessary to expand the
scope of the FCOEs. Thanks to the efforts devoted to catalyst
development and monomer scope exploration, a variety of
FCOEs have shown high reactivity in ROMP.*7#%%1t Among
these, most examples are of mono-substituted compounds
(Fig. 1A) prepared via C=C bond addition of cyclooctadienes
(CODs),”#**=* allyl C-H bond functionalization of cyclooctenes
(COEs),¥7 or other methods.**

In contrast to monosubstituted FCOEs, polysubstituted
FCOEs are much less investigated for ROMP reactions.’"
Grubbs and coworkers reported the synthesis and ROMP of
symmetrically disubstituted COEs connected with two adjacent
hydroxyl groups and their derivatives (Fig. 1B)."**'** Hillmyer
and coworkers reported the preparation and ROMP of ester and
methyl/phenyl disubstituted COEs (Fig. 1C)."* Nuyken found
that the polymerization of dicyano COEs is sluggish, while the
monocyano COE polymerizes efficiently.**? However, the ROMP

This journal is © The Royal Society of Chemistry 2018


http://crossmark.crossref.org/dialog/?doi=10.1039/c7sc04580h&domain=pdf&date_stamp=2018-02-09
http://orcid.org/0000-0002-2087-6013
http://orcid.org/0000-0002-5504-3775
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7sc04580h
https://rsc.66557.net/en/journals/journal/SC
https://rsc.66557.net/en/journals/journal/SC?issueid=SC009007

Open Access Article. Published on 08 January 2018. Downloaded on 7/16/2025 8:40:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

Monosubstituted FCOEs
A

XO X = alkyl, aryl or heteroatom substituent

Multisubstituted FCOEs

B C
(X XD X = alkyl, XOY X = heteroatom substituent
; arylorOR Y = alkyl or aryl group
D this work
X=8R
y Y = OR'or NR",
>

Fig.1 The FCOE toolbox scope for the ROMP study.

of FCOEs possessing different vicinal heteroatoms (Fig. 1D) has
not been reported so far. The incorporation of these functional
side chains could not only allow for the fine tuning of polymer
properties, but also open up new opportunities to introduce
orthogonal reactive sites, and is thus highly desirable.

In this regard, we have designed a two-step sequence of
thienyl chloride formation/C=C bond addition to prepare
FCOEs from cis,cis-1,5-COD (Fig. 1D: X = SR, Y = Cl). Since the
chloride group is easily cleavable through the assistance of the
adjacent thioether via neighboring group participation, we
envisioned that the 5-Cl,6-SR-COE would be a versatile inter-
mediate to prepare FCOEs with different functionalities
(Fig. 1D: X = SR', Y = OR?/NR,). Although the thienyl chloride
(RSCI) species has been known for over half a century, the
explosive nature' and unpleasant smell of these compounds
somewhat limits their application. Flow processes are useful
alternatives to traditional batch procedures.’® Many examples
have shown the possibility to safely handle hazardous inter-
mediates under flow conditions.'® Given our experience with
this technique,"” we anticipated that a flow approach would
significantly enhance the practicality of olefin chlorothiolation
processes using thienyl chloride by allowing for the safe and
convenient handling of these reactive intermediates.

Results and discussion

We began our studies on the thienyl chloride intermediate
formation/difunctionalization sequence with the setup depic-
ted in Scheme 1A with p-toluenethiol 1a as the model substrate.
In the flow setup, a solution of 1a in anhydrous dichloro-
methane (DCM) was mixed with SO,Cl, in anhydrous DCM and
introduced into a tubing reactor (R1) immersed in a cooling
bath. After the arylthiol was completely converted, as monitored
by thin layer chromatography (TLC) analysis, R1 was assembled
with the following setup of step II via a T-mixer, allowing the
solution from R1 to combine with the COD (3) solution in-line.
The resultant mixture was further delivered into the second
tubing reactor (R2), which was submerged in another cooling
bath, to perform the direct difunctionalization of the C=C

This journal is © The Royal Society of Chemistry 2018
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B)
entry conditions 1a/2/3 temp of R1 temp.of R2  4ayield
(molar ratio) (°C) (°C) (%)

1 flow 1/1.05/4 0 -20 65
2 flow 1/1.05/4 -20 -20 55
3 flow 1/1.05/4 25 -20 45
4 flow 1/1.05/4 0 0 46
5 flow 1/1.05/3 0 -20 51
6 flow 1/1.05/6 0 -20 65
7 flow 1/1.5/4 0 -20 48
8 batch 1/1.05/4 0 -20 50

Scheme 1 Synthesis of 4 under flow conditions. (A) Schematic of the
flow setup. (B) Optimization of the flow conditions. See the ESI for
more details.f

double bond. After the reaction, the mixture was collected and
directly analyzed without the isolation of 4a. Upon investigating
a variety of reaction parameters, we determined that the
synthesis of 4a proceeded in good yield with a 1/1.05/4 ratio of
1a/2/3, and two reactors cooled at 0 °C and —20 °C respectively
(Scheme 1B, entry 1). Notably, this two-step flow method only
needed a residence time (tg) of less than 4 min.*® As shown in
entries 2 to 7, changing the temperature of either reactor or the
molar ratio of the three components resulted in a lower yield of
the target product 4a (see Section II in the ESIT). In contrast,
when this reaction sequence was performed under batch
conditions only 50% yield of 4a was obtained in 2.5 h of reaction
time, as detected by "H NMR analysis.

Following the two-step flow synthesis (Table 1, step I & II),
the solution of compound 4a was directly added into a vial with
anhydrous methanol at room temperature (Table 1, step III).
The Cl group on 4a was efficiently replaced by a OMe group
under mild conditions within several hours, as monitored by
TLC analysis. The resultant mixture was purified by silica gel
column chromatography to afford FCOE 5a in 64% yield over
three steps. In comparison, when 5-Cl-1-cyclooctene®® was
reacted with MeOH at room temperature for 48 h instead of 4a,
no substitution product was detected by LC-MS, supporting our
hypothesis of a vicinal SR group assisted substitution process.*

With the method established for the preparation of 5a, we
turned our attention to the synthesis of FCOEs with different

Chem. Sci,, 2018, 9, 1846-1853 | 1847
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Table 1 Synthesis and ROMP of 5a-5g“
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OMe
2-step flow _MeOH _ ROMP_
1 LI 13 19 SR!
R'S R'S Me
4a-4g 5a-59 6a-6g
Entry R syield’ (%)  [5/[G2]  5conv’ (%)  6yield! (%)  Myea’ (kgmol™) M, gpd (kg mol %) o
1 /©}{ 64 (5a) 500/1 >99 96 (6a) 131 148 1.71
Me
2 /@X 8 (5b) 1000/1 >99 5 (6b) 266 291 1.49
F
3 /@j{ 5 (5¢) 500/1 >99 93 (6¢) 142 159 1.68
Cl
4 /@ 6 (5d) 400/1 >99 90 (6d) 131 106 1.68
Br
5 /@j{ 64 (5€) 500/1 >99 91 (6e) 163 226 1.69
Ph
6 63 (5f) 500/1 >99 93 (6f) 149 201 1.73
Me
7 C\/Z){ 0 (58) 1000/1 36 1 (6g) 127 311 1.67

“ Reaction conditions for (I) to (IV): (I, IT) 4 was synthesized using the condltlons shown in Scheme 1B, entry 1; (III) rt, 4 hours, anhydrous MeOH (10

eq. to 4); (IV) G2 carbene complex was used to initiate the ROMP, DCM, rt.
based on the amount of the recovered monomer by column chromatography. ¢

Isolated yields of the three steps, calculated based on R'SH. ¢ Calculated
Isolated yields were calculated based on the monomers added in the

ROMP. ¢ Calculated based on the conversions of the FCOEs 5./ Analyzed by GPC.

SR' substituents. To our delight, all the R'SH substrates (1)
investigated in Table 1 underwent complete conversion to
5b-5g in about 4 h of reaction time (Table 1, step I to III). After
the consecutive three-step transformations, the resultant
mixtures were purified by silica gel column chromatography to
afford the FCOEs 5b-5g in satisfactory yields (55-70%). Notably,
since aryl halides (e.g. Cl and Br) are versatile functional groups
in metal-catalysed cross-coupling reactions, the incorporation
of such groups (5¢ and 5d) would bring in reactivity orthogonal
to the substituent on the COE backbone.?” All FCOE monomers
were characterized by nuclear magnetic resonance (NMR),
infrared radiation (IR), and high-resolution mass spectroscopy
(HRMS) analysis (Section III and Fig. S3-S237), demonstrating
the successful introduction of the two adjacent heteroatom
substituents SR' and OMe into the COEs.

Moreover, to streamline the synthesis of the FCOEs 5,
a three-step continuous-flow setup has been developed
(Fig. S2t) using a pressurised heating system at 80 °C for step
III. As exemplified with 5a, the reaction time was reduced to

1848 | Chem. Sci,, 2018, 9, 1846-1853

20 min, facilitated by the efficient heat transfer under the flow
conditions, affording 5a in 66% isolated yield.

The 5-SR',6-OMe-COE monomers 5a-5¢ were polymerized
with the second-generation Grubbs carbene complex (G2) in
DCM at room temperature (step IV).>" As illustrated in Table 1,
full conversions of all monomers upon G2-catalyzed ROMP was
achieved when the arylthio group was substituted with an
electron-donating group (Me, entry 1, 5a), an electron-
withdrawing group (F, entry 2, 5b; Cl, entry 3, 5¢; Br, entry 4,
5d), or a phenyl group (entry 5, 5e), affording a variety of
functionalized polymers in high yields (6a-6f: 90-96% yields)
following isolation via a three-time precipitation from meth-
anol. Similar to the Ru-promoted ROMP of alkylthio mono-
substituted COEs reported by Noels and coworkers,"? when 5-
nC;,H,5S,6-MeO-COE (5g, entry 7) was used a decreased poly-
merizing reactivity was observed, providing 6g (M gpc = 311 kg
mol ', M,,/M,, = 1.67) with 36% monomer conversion in 48 h of
reaction time. This is probably due to the increased coordi-
nating effect of an alkylthio group to the metal center compared

This journal is © The Royal Society of Chemistry 2018
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Table 2 Synthesis and ROMP of 7a-7h“
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silica gel R2X
A AN
) ") /
R'S OH R'S OR?
7a 7b-e
2-step flow
R'SH —— -
1 ) 4 V1) ROMP V1)| ROMP
s Tl
4
ROMP /M
L BALALLINGN G~
V) 4 Vi) M n
RS N SR!
O sah
7f-h
Entry R' R? 7yield? (%) 7 conv’ (%)  8yield! (%)  Myecac’ (kgmol™?)  M,cpd (kg mol™) P
1 41 20 (8a) 51 80 1.66
2" /©}{ HO-%— 67 (7a) >99 90 (8a) 6.2 6.8 1.65
Me
3 Me 63 (7b) >99 81 (8b) 85 109 1.71
iy | i
4 /@X tBu—SIi-O-E- (7b) >99 82 (8b') 85 106 1.62
Br Me
I\I/Ie
5 tBu—SIi—O-g- 65 (7¢) >99 78 (8c) 183 160 1.76
F Me
0%
6 E 62 (7d) >65 45 (8d) 111 71 1.57
(0]
7 M 5 same >90 77 (8¢) 125 104 158
Me™ O
F
8 82 (8f) 146 193 1.78
R1 R3
/©}{ No$  (79) <5%
Me conv
NE
N” N (7h) <5%
Me/©}{ \=/ G Zonv

“ Reaction conditions for (I) to (IV): (I, II) 4 was synthesized using the optimized conditions shown in Scheme 1B, entry 1; (III) silica gel; (IV) 7b and
7c: TBSCI, imidazole, DMAP, DCM, 0 °C to rt; 7d: BnBr, NaH, 0 °C to rt; 7e: AcOH, DCC, DMAP, DCM, 0 °C to rt; (V) 7f: morpholine, rt; 7g N(nBu)4N3,
rt; 7h: imidazole, rt; (VI) G2 was used to initiate the ROMP, [M]/[G2] = 500/1, room temperature. ? Isolated yields of three steps (7a and 7f) or four
steps (7b-7e), calculated based on R'SH. © Calculated based on the amount of the recovered monomer by column chromatography. ¢ Isolated yields
were calculated based on the monomers added in the ROMP. ¢ Calculated based on the conversions of 7./ Analyzed by GPC. ¢ X-ray structure of 7f.
" [M)/[G2] = 20/1.  [M]/[G2] = 200/1.7 Reaction temperature = 45 °C.
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to that of an arylthiol group. For all examples (5a-5g) investi-
gated in Table 1, high molecular weight polymers (M, gpc =
106-311 kg mol ', P = 1.49-1.73) were obtained, further con-
firming the reliability of the ROMP of these new FCOEs (Section
IV and Fig. S24-S587). Notably, polymers 6a-6g have the same
chemical component, with butadiene/vinyl ether/vinyl thioether
terpolymers present in a 1/1/1 molar ratio for each monomer,
representing a novel group of functionalized polyolefins.

It has been shown that substitution of the chloro group on
substrates 4 with a methoxy group is efficient, and that FCOEs 5
were successfully polymerized. We further focused on expand-
ing the ROMP substrate scope by replacing the Cl group with
other functionalities.

A solution containing COE 4 freshly prepared via a flow
process was concentrated and treated with silica gel chroma-
tography using 0-2% (v/v) EtOAc in petroleum ether as an
eluent. During the column chromatography process, 4a
underwent a full hydrolysis within 30 min, resulting in the cyclic
olefin 7a which has a hydroxy handle. Upon reaction with
different electrophiles (step IV), the hydroxy handle was readily
connected to a t-butyldimethylsilane (TBS, 7b, 7c), a benzyl (Bn,
7d), or an acetyl (MeCO, 7e) group. Additionally, the chloro
group was also converted to an N-heteroatom containing
substituent by simply reacting with a nucleophile (step V, e.g.
morpholine, 7f). Although 3-4 steps were employed,
compounds 7a to 7f were isolated in good overall yields, and
these compounds were characterized by NMR, IR and HRMS
analysis (Section V and Fig. S59-S827). To further identify the
FCOE structure, 7f was analysed by X-ray crystallography
(Table 2, bottom left). While the C=C double bond keeps a cis
configuration, the SAr group and the morpholine group are
trans to each other. This is consistent with the vicinal SR group
assisted substitution process, which could proceed through
a thiiranium ion intermediate.***

The newly synthesized FCOE monomers (7a-7h) were next
polymerized in the presence of G2 at room temperature
(Table 2, step VI).>> When FCOE 7a with an unprotected hydroxy
group was employed in a [7a]/[G2] ratio of 500/1, less than 50%
conversion was achieved in 48 h of reaction time, providing 8a
in 20% isolated yield (M, gpc = 80 kDa mol ', entry 1).
Although decreasing the monomer/G2 ratio to 20/1 led to
complete monomer conversion within 24 h, 8a’ with a much
lower M,, gpc of 6.8 kDa was provided (entry 2), with a D value
similar to 8a (for 8a, b = 1.66, for 8a’, b = 1.65). We hypothe-
sized that the improved monomer conversion was due to less of
the transition-metal being poisoned by increasing the
G2/monomer ratio. When the reaction temperature was
increased from room temperature to 45 °C, poly(FCOE)s were
generated with a similar M,, and slightly improved control over
the molecular weight distributions (entry 3, M, = 109 kDa and
D = 1.71 vs. entry 4, M;, = 106 kDa and P = 1.62). When the
third-generation of Grubbs carbene complex (G3) was used to
initiate the ROMP of 7b ([7b]/[G3] = 200/1) at room tempera-
ture, the corresponding polymer was produced with & = 1.65
and M,, = 94 kDa at >99% conversion.

To produce poly(FOE)s with high molecular weights,
a monomer/G2 ratio of 500/1 was used during the ROMP

1850 | Chem. Sci, 2018, 9, 1846-1853

View Article Online

Edge Article

reaction of the other FOCEs. When 7c¢-7e were applied in the
ROMP for 24 h, isolated yields of 45-78% were obtained for the
polymers 8c-8e with M,, gpc values of 71-160 kDa (entries 5-7).
When the SR' group was adjacent to a morpholine group
instead, polymer 8f was isolated in 82% yield (M,gpc =
193 kg mol ', entry 8). Both NMR and IR analyses clearly
demonstrate that both types of functional group have been
successfully incorporated in polymers 8a-8f (Section VI and
Fig. $83-51127). Replacing the morpholine group with an azide
or an imidazole group provided less than 5% monomer
conversion, which is probably caused by the irreversible coor-
dination of the functional group to the Ru-center, as observed
by Noels and coworkers.*? Notably, these represent the first
ROMPs of FCOEs possessing adjacent substituents of SR* and
OR?/NR, functionalities.

To investigate the ROMP of difunctionalized FCOEs at
different monomer/G2 ratios, 5a and 7f were employed. As
shown in Fig. 2, when the [M]/[G2] ratios were increased from
20/1 to 500/1 for both monomers, poly(FCOE)s were produced
with different M, gpc values, while the P values stayed at
a similar level (P = 1.47-1.71 in Fig. 2A, P = 1.52-1.78 in
Fig. 2B). Notably, a linear increase of M, gpc vs. [M]/[G2] was
observed for both examples, which demonstrated that these
poly(FCOE)s can be generated at the desired M,, by choosing
a proper [M]/[G2] ratio within the investigated range.*

The thermal properties for the polymers 6a-6g and 8a-8f
were analyzed by differential scanning calorimetry (DSC) and
thermogravimetric analysis (TGA). The summarized results of
their glass-transition temperature (7T,) and decomposition
temperature (Ty) are shown in Fig. 3**** (for the DSC and TGA

A 3.0
160+
| ]
25
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T
2
‘g 80 2.0 Q
s =
404 L, o1 -1.5
04
. . . . . —H+10
0 100/ 20011 300/1 400/1 500/1
[MI/[G2]
B) 3.0
200 .
160 2.5
T 120
e L20 @
§ 80- =
s LI
40 m - L15
| |
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0 1001 2004 3001 400A 500/
MJ[G2]

Fig. 2 ROMP of the FCOEs at different [M]/[G2] ratios (20/1, 50/1,
100/1, 200/1 and 500/1) for 24 h in DCM. M, gpc and D values were
analysed by GPC. (A) 5a was used. (B) 7f was used.
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profiles, see Section IV and VI of the ESIt). From 6a to 6g, while
keeping the MeO group constant, changing the alkylthio side
chains to arylthio chains resulted in polymers possessing
increased T, values (6g: —56 °C vs. 6a-6f: —12 °C to 35 °C).
Among 6b-6g, an increased functional group size on the aryl
ring (from 6b to 6e: —12 °C, —3 °C, 13 °C and 35 °C respectively)
or an increased degree of conjugation (e.g:, 6f: 26 °C vs. 6a: 4 °C)
led to increased T, values. These results are in agreement with
the sidechain influence on the glass transition temperature, as
observed by others.*#****** For the polymers 8b-8e, when the
hydroxy side groups were protected with groups larger than
methyl, the resultant T, values were higher than 6b (8b-8e:
0-18 °C vs. 6b: —12 °C). Replacement of the MeO group with
a morpholine group also led to an increased glass-transition
temperature (8f: 45 °C vs. 6a: 4 °C). The thermogravimetric
analysis in Fig. 3 shows that the thermal stabilities of these
polymers are also dictated by the connection of different func-
tional groups. Polymers 6a-6g and 8a-8f possess Ty values
ranging from 225 °C to 350 °C at 5% weight loss.

Finally, the hydrogenation of polymer 6e was conducted to
demonstrate the preparation of linear polyolefins possessing
two different side chains on every seventh and eighth backbone
carbon, from the corresponding poly(FCOE)s. The hydrogena-
tion reaction was performed using p-toluenesulfonylhydrazide
as the reductant and tri-n-hexylamine as the base with a cata-
lytic amount of 2,6-di-t-butyl-4-methylphenol (BHT) in o-xylene
solvent.”*?* The reduced product 9 was obtained in 88%
isolated yield via precipitation from methanol. As shown in the
"H NMR spectra (Fig. 4A1 and A2; Section VIII and
Fig. S104-S1087), during the hydrogenation process, the signals
found between 5.5-5.3 ppm corresponding to H, and H;, of
polymer 6e are completely absent in the spectrum of polymer 9.
As a result, an increase in the signal region corresponding to
alkyl protons is clearly observed for polymer 9 (Fig. 4A1 vs. 4A2
in the 1.0-2.5 ppm region), indicating the successful hydroge-
nation transformation. The GPC analyses of 6e and 9 (Fig. 4B)
show: (1) similar M;, gpc and M,/M,, values, and (2) no new

400
;6 ]
S 6c
~
© 350 |
2 6a
o 1 m s B¢
g = "
£ 300 - Ed 8f
-~ 6b 8d 6f L]
S i 69 H g 8H | |
= n ]
Q 8e
g— 250 —
38 8a
o} 1 | |
o
200l F+—+—7""++
-50 25 0 25 50

Glass-transition temperature Tg (°C)

Fig. 3 Thermal properties of the polymers. The T4 and T4 values were
determined by DSC and TGA measurements, respectively. All values
were obtained under a nitrogen atmosphere at a scan rate of
10 °C min~t DSC experiments were conducted between —80 to
200 °C. Temperatures at 5% weight loss (Ty) are given.
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Fig. 4 Characterization of polymers 6e and 9. (A1) and (A2) *H NMR
spectra; (B) GPC traces, M,, and M,,/M,, values are analysed with GPC;
(C) DSC profiles obtained at a heating rate of 10 °C min~*,

shoulder peaks in the GPC traces, suggesting that the polymer
backbone remains intact during the reduction process.
Moreover, the hydrogenated polymer 9 has a lower T value than
6e (Fig. 4C), indicating that the formation of a saturated
backbone results in a higher molecular mobility. Hillmyer® and
Tanaka”** have also reported a decrease in the T, values upon
hydrogenating the corresponding poly(FCOE)s.

Conclusions

In conclusion, the synthesis and ROMP of FCOEs bearing
adjacent heteroatom groups have been successfully realized.
Notably, the unstable thienyl chloride species has been gener-
ated and used under flow conditions for the first time, allowing
for an efficient synthesis of 5-SR,6-CI-COE compounds, which
were employed as versatile intermediates for the preparation of
a library of FCOEs. Moreover, the ROMP of these new cyclic
monomers has produced a library of polyolefins with different
substituents connected by S, O or N heteroatoms in high
molecular weights. This represents a useful avenue to synthe-
size polymers with a high level of complexity. The investigation
of the thermal properties of these functionalized polymers has
shown the effect of the side chains on their glass-transition
temperatures and thermal stabilities. Finally, this approach
complements the useful strategy of producing high precision
model polyolefins via ROMP, allowing the preparation of
terpolymers of ethylene, vinyl thioether, and a variety of polar
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olefins including vinyl ethers, vinyl esters and vinyl amines,
which are inaccessible via other methods.

Experimental

The experimental procedure for the preparation of 5a with the
optimized reaction conditions: a syringe was loaded with
a solution of p-toluenethiol 1a (1.0 M, flow rate = 250 pL, min ")
in anhydrous DCM, and fitted to the syringe pump. Another
syringe was loaded with a solution of 2 (1.05 M, flow rate =
250 puL min~") in anhydrous DCM, and fitted to a same syringe
pump. The third syringe was loaded with a solution of COD
(0.5 M, flow rate = 2.0 mL min ') in anhydrous DCM, and fitted
to the second syringe pump. Following the setup as shown in
Scheme 1, the solutions of 1a and 2 were mixed and reacted in
the tubing reactor R1 (volume = 1.0 mL, tg; = 2.0 min)
submerged in a cooling bath. When the reaction was complete,
the resultant solution was mixed with the solution of COD and
reacted in the tubing reactor R2 (volume = 5 mL, tg, = 2.0 min)
submerged in another cooling bath. After the reaction, the
resultant mixture was passed through a back-pressure regulator
(BPR, 20 psi) before collection. After reaching steady
state (waiting for 12 min), 1.0 mmol samples (10 mL reaction
solution) were collected into an oven-dried vial equipped with
a stir bar.

Anhydrous MeOH (10 mmol) was added into the vial via
syringe at room temperature. When the reaction was
completed, as monitored by TLC analysis, the mixture was
treated with DCM (150 mL) and NaHCO; saturated aqueous
solution (20 mL). The separated organic layer was washed with
brine two times (2 x 10 mL), dried over Na,SO, and then
concentrated under vacuum. The residue was purified by
column chromatography (eluting with 0-2% EtOAc in petro-
leum ether) to afford 5a in 64% isolated yield.

An oven-dried vial equipped with a stir bar was charged with
a 1.0 mL solution of 5a (0.5 M) in anhydrous DCM under N,. The
G2 compound solution (100 pL, 8.5 mg mL " in degassed DCM)
was added via micro syringe into the vial at room temperature.
After stirring for 24 h, the mixture was concentrated and then
added dropwise into MeOH with vigorous stirring. The solid
compound was collected and re-dissolved in a minimal amount
of DCM. The precipitation procedure was repeated three times
in total to afford the target product. The produced polymer was
characterized by 'H NMR, "*C NMR, FT-IR, GPC, DSC and TGA
analysis.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was financially supported by NSFC (no. 21704016),
the National Program for Thousand Young Talents of China,
start up funding from Fudan University and the State Key
Laboratory of Polymer Physics and Chemistry.

1852 | Chem. Sci., 2018, 9, 1846-1853

View Article Online

Edge Article

Notes and references

1 (a) C. J. Hawker, A. W. Bosman and E. Harth, Chem. Rev.,
2001, 101, 3661-3688; (b) W. A. Braunecker and
K. Matyjaszewski, Prog. Polym. Sci., 2007, 32, 93-146; (c)
G. Moad, E. Rizzardo and S. H. Thang, Aust. J. Chem., 2012,
65, 985-1076; (d) M. Ouchi and M. Sawamoto,
Macromolecules, 2017, 50, 2603-2614.

2 (@) A. Leitgeb, J. Wappel and C. Slugovc, Polymer, 2010, 51,
2927-2946; (b) S. Sutthasupa, M. Shiotsuki and F. Sanda,
Polym. J., 2010, 42, 905-915.

3 (@) E. Blasco, M. B. Sims, A. S. Goldmann, B. S. Sumerlin and
C. Barner-Kowollik, Macromolecules, 2017, 5215-5252; (b)
M. A. Gauthier, M. 1. Gibson and H.-A. Klok, Angew. Chem.,
Int. Ed., 2009, 48, 48-58.

4 (@) R. R. Schrock and A. H. Hoveyda, Angew. Chem., Int. Ed.,
2003, 42, 4592-4633; (b) C. W. Bielawski and
M. A. Hillmyer, Handbook of Metathesis, Wiley-VCH Verlag
GmbH, 2003, pp. 255-282, ch. 3; (¢) C. W. Bielawski and
R. H. Grubbs, Prog. Polym. Sci., 2007, 32, 1-29; (d)
H. Martinez, N. Ren, M. E. Matta and M. A. Hillmyer,
Polym. Chem., 2014, 5, 3507-3532.

5 (@) J. A. Johnson, Y. Y. Lu, A. O. Burts, Y. Xia, A. C. Durrell,
D. A. Tirrell and R. H. Grubbs, Macromolecules, 2010, 43,
10326-10335; (b) J. C. Barnes, P. M. Bruno,
H. V. T. Nguyen, L. Liao, J. Liu, M. T. Hemann and
J. A. Johnson, J. Am. Chem. Soc., 2016, 138, 12494-12501.

6 J.-a.Lv, Y. Liu, J. Wei, E. Chen, L. Qin and Y. Yu, Nature, 2016,
537,179-184.

7 K.]. T. Noonan, K. M. Hugar, H. A. Kostalik, E. B. Lobkovsky,
H. D. Abruna and G. W. Coates, J. Am. Chem. Soc., 2012, 134,
18161-18164.

8 (a) R. Revanur, B. McCloskey, K. Breitenkamp, B. D. Freeman
and T. Emrick, Macromolecules, 2007, 40, 3624-3630; (b)
A. Meyers, A. Kimyonok and M. Weck, Macromolecules,
2005, 38, 8671-8678; (¢) R. B. Breitenkamp, Z. Ou,
K. Breitenkamp, M. Muthukumar and T. Emrick,
Macromolecules, 2007, 40, 7617-7624; (d) H. R. Allcock,
D. T. Welna and D. A. Stone, Macromolecules, 2005, 38,
10406-10412; (e¢) K. Kratz, K. Breitenkamp, R. Hule,
D. Pochan and T. Emrick, Macromolecules, 2009, 42, 3227-
3229; (f) Z. Li, J. Ma, C. Cheng, K. Zhang and K. L. Wooley,
Macromolecules, 2010, 43, 1182-1184; (g) E. Elacqua,
D. S. Lye and M. Weck, Acc. Chem. Res., 2014, 47, 2405-2416.

9 (@) S. Kobayashi, H. Kim, C. W. Macosko and M. A. Hillmyer,
Polym. Chem., 2013, 4, 1193-1198; (b) S. E. Lehman,
K. B. Wagener, L. S. Baugh, S. P. Rucker, D. N. Schulz,
M. Varma-Nair and E. Berluche, Macromolecules, 2007, 40,
2643-2656; (¢) M. A. Hillmyer, W. R. Laredo and
R. H. Grubbs, Macromolecules, 1995, 28, 6311-6316; (d)
C. W. Bielawski and R. H. Grubbs, Angew. Chem., Int. Ed.,
2000, 39, 2903-2906; (¢) H. Yang, M. Islam, C. Budde and
S. J. Rowan, J. Polym. Sci., Part A: Polym. Chem., 2003, 41,
2107-2116; (f) S. Kobayashi, K. Fukuda, M. Kataoka and
M. Tanaka, Macromolecules, 2016, 49, 2493-2501; (g)
S. Kobayashi, L. M. Pitet and M. A. Hillmyer, J. Am. Chem.

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7sc04580h

Open Access Article. Published on 08 January 2018. Downloaded on 7/16/2025 8:40:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Edge Article

Soc., 2011, 133, 5794-5797; (h) K. Osawa, S. Kobayashi and
M. Tanaka, Macromolecules, 2016, 49, 8154-8161; (i)
H. Jeong, D. J. Kozera, R. R. Schrock, S. J. Smith, J. Zhang,
N. Ren and M. A. Hillmyer, Organometallics, 2013, 32, 4843-
4850; (j) J. Zhang, M. E. Matta, H. Martinez and
M. A. Hillmyer, Macromolecules, 2013, 46, 2535-2543; (k)
W. S. Farrell and K. L. Beers, ACS Macro Lett., 2017, 791-795;
() A. Hejl, O. A. Scherman and R. H. Grubbs,
Macromolecules, 2005, 38, 7214-7218; (m) H. Jeong,
J. M. John, R. R. Schrock and A. H. Hoveyda, J. Am. Chem.
Soc., 2015, 137, 2239-2242.

10 (@) M. Delferro and T. J. Marks, Chem. Rev., 2011, 111, 2450-

11

12

13

14

15

2485; (b) A. Nakamura, S. Ito and K. Nozaki, Chem. Rev.,
2009, 109, 5215-5244; (¢) L. Guo, S. Dai, X. Sui and
C. Chen, ACS Catal., 2016, 6, 428-441.

(@) S. Ramakrishnan and T. C. Chung, Macromolecules, 1990,
23, 4519-4524; (b) H. Han, F. Chen, J. Yu, J. Dang, Z. Ma,
Y. Zhang and M. Xie, J. Polym. Sci., Part A: Polym. Chem.,
2007, 45, 3986-3993; (c¢) J.-L. Couturier, K. Tanaka,
M. Leconte, J.-M. Basset and ]J. Ollivier, Angew. Chem., Int.
Ed., 1993, 32, 112-115; (d) A. Demonceau, A. W. Stumpf,
E. Saive and A. F. Noels, Macromolecules, 1997, 30, 3127-
3136; (¢) A. W. Stumpf, E. Saive, A. Demonceau and
A. F. Noels, J. Chem. Soc., Chem. Commun., 1995, 1127-1128.
(@) O. A. Scherman, R. Walker and R. H. Grubbs,
Macromolecules, 2005, 38, 9009-9014; (b) Y. Xia,
R. Verduzco, R. H. Grubbs and J. A. Kornfield, J. Am. Chem.
Soc., 2008, 130, 1735-1740; (¢) J. Zhang, M. E. Matta and
M. A. Hillmyer, ACS Macro Lett., 2012, 1, 1383-1387; (d)
M. F. Schneider, C. Gantner, W. Obrecht and O. Nuyken,
Macromol. Rapid Commun., 2010, 31, 1731-1735.

(a) S. E. Denmark, W. R. Collins and M. D. Cullen, J. Am.
Chem. Soc., 2009, 131, 3490-3492; (b)) W. H. Mueller,
Angew. Chem., Int. Ed., 1969, 8, 482-492; (c¢) V. A. Smit,
N. S. Zefirov, I. V. Bodrikov and M. Z. Krimer, Acc. Chem.
Res., 1979, 12, 282-288; (d) G.-J. M. Meppelder, K. Beckerle,
R. Manivannan, B. Lian, G. Raabe, T. P. Spaniol and
J. Okuda, Chem.-Asian J., 2008, 3, 1312-1323; (e)
P. B. Anzeveno, D. P. Matthews, C. L. Barney and
R. J. Barbuch, J. Org. Chem., 1984, 49, 3134-3138.

D. G. Garratt, M. D. Ryan and A. Kabo, Can. J. Chem., 1980,
58, 2329-2339.

(a) D. Cambié, C. Bottecchia, N. J. W. Straathof, V. Hessel and
T. Noél, Chem. Rev.,, 2016, 116, 10276-10341; (b)
J. A, M. Lummiss, P. D. Morse, R. L. Beingessner and
T. F. Jamison, Chem. Rec., 2017, 667-680; (c) D. T. McQuade
and P. H. Seeberger, J. Org. Chem., 2013, 78, 6384-6389; (d)
M. Movsisyan, E. I. P. Delbeke, J. K. E. T. Berton,
C. Battilocchio, S. V. Ley and C. V. Stevens, Chem. Soc. Rev.,

This journal is © The Royal Society of Chemistry 2018

16

17

18

19

20

21

22

23

24

25

View Article Online

Chemical Science

2016, 45, 4892-4928; (¢) X. Liu and K. F. Jensen, Green
Chem., 2012, 14, 1471-1474; (f) B. J. Deadman, S. G. Collins
and A. R. Maguire, Chem.—Eur. J., 2015, 21, 2298-2308; (g)
Y. Gu, K. Kawamoto, M. Zhong, M. Chen, M. ]J. A. Hore,
A. M. Jordan, L. T. J. Korley, B. D. Olsen and ]. A. Johnson,
Proc. Natl. Acad. Sci. U. S. A., 2017, 114, 4875-4880; (h)
T. Noél, Y. Su and V. Hessel, Top. Organomet. Chem., 2016,
57, 1-41.

(@) S. Sharma, R. A. Maurya, K.-I. Min, G.-Y. Jeong and
D.-P. Kim, Angew. Chem., Int. Ed., 2013, 52, 7564-7568; (D)
C. Audubert, O. J. Gamboa Marin and H. Lebel, Angew.
Chem., Int. Ed., 2017, 56, 6294-6297; (¢) E. Levesque,
S. T. Laporte and A. B. Charette, Angew. Chem., Int. Ed.,
2017, 56, 837-841; (d) N. ]J. W. Straathof, S. E. Cramer,
V. Hessel and T. Noel, Angew. Chem., Int. Ed., 2016, 55,
15549-15553; (¢) J. Wu, X. Yang, Z. He, X. Mao,
T. A. Hatton and T. F. Jamison, Angew. Chem., Int. Ed.,
2014, 53, 8416-8420; (f) B. Gutmann, D. Cantillo and
C. O. Kappe, Angew. Chem., Int. Ed., 2015, 54, 6688-6728.
(@) M. Chen and S. L. Buchwald, Angew. Chem., Int. Ed., 2013,
52, 4247-4250; (b) M. Chen and S. L. Buchwald, Angew.
Chem., Int. Ed., 2013, 52, 11628-11631; (¢) M. Chen and
J. A. Johnson, Chem. Commun., 2015, 51, 6742-6745.

When the reaction time was extended, oligomerization of
COD was observed.

E. C. Ashby and T. N. Pham, J. Org. Chem., 1986, 51, 3598-
3602.

(@) C. Torborg and M. Beller, Adv. Synth. Catal., 2009, 351,
3027-3043; (b) P. Ruiz-Castillo and S. L. Buchwald, Chem.
Rev., 2016, 116, 12564-12649.

The asymmetry of the substituted FCOEs allowed for the
preparation of polymers with regiorandom placement of
the functional groups.

Increasing the [M]/[G2] ratio to 1000/1 (e.g., M = 7e) led to
52% conversion (M, = 208 kDa and D = 1.79).

Although the molar mass of a polymer influences its glass-
transition temperature, it only undergoes a very slight
change of the T, value when a high molecular weight
range is reached as illustrated by the Flory-Fox equation.
(@) H. Wang, F. Zhou, G. Ren, Q. Zheng, H. Chen, B. Gao,
L. Klivansky, Y. Liu, B. Wu, Q. Xu, J. Lu, K. B. Sharpless
and P. Wu, Angew. Chem., Int. Ed., 2017, 11203-11208; (b)
S. Venkataraman, V. W. L. Ng, D. J. Coady, H. W. Horn,
G. O. Jones, T. S. Fung, H. Sardon, R. M. Waymouth,
J. L. Hedrick and Y. Y. Yang, J. Am. Chem. Soc., 2015, 137,
13851-13860; (c¢) N. J. Van Zee and G. W. Coates, Angew.
Chem., Int. Ed., 2015, 54, 2665-2668.

S. F. Hahn, J. Polym. Sci., Part A: Polym. Chem., 1992, 30, 397~
408.

Chem. Sci,, 2018, 9, 1846-1853 | 1853


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7sc04580h

	Unsymmetrical difunctionalization of cyclooctadiene under continuous flow conditions: expanding the scope of ring opening metathesis...
	Unsymmetrical difunctionalization of cyclooctadiene under continuous flow conditions: expanding the scope of ring opening metathesis...
	Unsymmetrical difunctionalization of cyclooctadiene under continuous flow conditions: expanding the scope of ring opening metathesis...
	Unsymmetrical difunctionalization of cyclooctadiene under continuous flow conditions: expanding the scope of ring opening metathesis...
	Unsymmetrical difunctionalization of cyclooctadiene under continuous flow conditions: expanding the scope of ring opening metathesis...
	Unsymmetrical difunctionalization of cyclooctadiene under continuous flow conditions: expanding the scope of ring opening metathesis...
	Unsymmetrical difunctionalization of cyclooctadiene under continuous flow conditions: expanding the scope of ring opening metathesis...


