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ABSTRACT

Cyclic polymers are topologically interesting and envisioned as a lubricant material.
However, scalable synthesis of pure cyclic polymers remains elusive. The most straightforward way
is to recover a used catalyst after the synthesis of cyclic polymers and reuse it. Unfortunately, this is
demanding because of the catalyst’s vulnerability and inseparability from polymers, which reduce
the practicality of the process. In Chapter 1 we describe a continuous circular process, where
polymerization, polymer separation, and catalyst recovery happen in situ, to dispense a pure cyclic
polymer after bulk ring-expansion metathesis polymerization of cyclopentene. This process is
enabled by introducing silica-supported ruthenium catalysts and newly designed glassware.
Different depolymerization kinetics of the cyclic polymer from its linear analogue are also discussed.
This process minimizes manual labour, maximizes the security of vulnerable catalysts and
guarantees the purity of cyclic polymers, thereby showcasing a prototype of a scalable access to
cyclic polymers with increased turnovers (>415,000) of precious catalysts.

a-Oxygenated Z-olefins are ubiquitous in biologically active molecules and serve as versatile
handles for organic synthesis, but their syntheses are often tedious and less selective. In Chapter 2
we report the efficient Z-selective metathesis of various terminal acrylates and allyl alcohols, which
enables facile and selective construction of high value-added a-oxygenated Z-olefins from readily
available feedstock chemicals. These challenging metathesis transformations are enabled by novel
cyclometalated Ru-carbene-nitrate complexes bearing bulky-yet-flexible side arms, whose assembly
was unlocked by new organometallic syntheses.

Efficient separation of macrocyclic polyolefins from reaction mixtures of ring-opening
metathesis polymerization is crucial for their application in materials science, drug delivery, and for

the mechanistic study of the reaction mechanism. In Chapter 3, we present a facile method for



viii
obtaining topologically pure macrocyclic fractions by modifying chain ends using enyne

metathesis chemistry and introducing polar functional groups into linear polymer chains through the
addition of polar monomers. Nonpolar cyclic polyolefins are then readily separated using silica gel
chromatography. The purity of the cyclic fractions was verified using multiple techniques, including
gel permeation chromatography, nuclear magnetic resonance spectroscopy, and matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry. We investigate the reaction factors affecting
the yield and molecular weight of macrocycles during ring-opening metathesis polymerization of
cyclooctadiene and discuss macrocycle formation in the ring-opening metathesis polymerization of
cyclooctene, cyclopentene, and norbornene. Our work offers crucial insights into the synthesis and

separation of macrocycles.
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Chapter 1

Scalable and Continuous Access to Pure Cyclic Polymers Enabled by

‘Quarantined’ Heterogeneous Catalysts

1.1 Introduction

The economy of lubrication is encumbered by a high replacement cost of lubricants in many
applications™?. One of its countermeasures is to increase the lifespan of lubricants, thereby
decreasing the replacement frequency. The most common synthetic lubricant by far is
polyalphaolefin®®, which gradually loses its viscosity due to permanent chain scissions over time®.
Cyclic hydrocarbon polymers similar to polyalphaolefins or mineral oils (for example, polyethylene,
polypropylene, polybutadiene, etc.)® are tribologically interesting because the initial chain scission
of cyclic topology increases its viscosity by producing an opened linear topology with a higher chain
volume®!L, This feature of cyclic polymers is envisioned as a viscosity-modifying additive to
prolong the lubricant lifetime. Since our discovery of the ring expansion route to cyclic polymers in
2002, we'?1® and other groups'’-?® have done exciting research on more functionalized cyclic
polymers, which showed potential applications of semi-conducting materials or drug delivery&27:28,

One of the most important needs is the development of a practical synthetic process to
produce pure cyclic polymers on a larger scale for testing in many applications. To date, all the
reported synthetic protocols were operated on a milligram scale in solution by homogeneous
catalysis, which was accompanied by rigorous ex situ processes for polymer purification without
actual catalyst recovery (Fig. 1.1¢)>262°, Nonetheless, the metal residue remained at a few hundred
ppm level*2; in this conventional process, it is difficult not only to obtain an uncontaminated polymer

but also to recycle the precious metal carbene catalysts.
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Figure 1.1. REMP and purification process for the preparation of cyclic polymers. a, Catalyst
design strategy. b, Key points for REMP of cyclopentene in this work. ¢, Conventional ex situ

purification processes and in situ continuous process in this work.

Here, we present a continuous process which is streamlined in a way that polymerization,
polymer separation, and catalyst recovery simultaneously happen in situ in a closed loop to dispense
a cyclic polymer synthesized by bulk ring-expansion metathesis polymerization (REMP) of
cyclopentene (CP) (Fig. 1.1c). To avoid extensive purification, silica-supported catalysts are
designed so that pure cyclic polymers can be segregated simply by filtration (Fig. 1.1a). Glassware

that benefits most from the heterogeneous catalysts, namely a cyclic polymer dispenser, is



customized to allow bulk polymerization with a concomitant separation of cyclic polymers from the
heterogeneous catalysts. A thimble containing the catalysts that is mounted as a cartridge on the
dispenser is situated in the original place throughout the process. This in situ continuous process
minimizes manual labor, quarantines the vulnerable catalytic species secured from any deactivating
events that can occur otherwise upon ex situ purifications, and guarantees purity of cyclic polymers.
Serendipitously, it is also found that the resulting cyclic polymer depolymerizes noticeably faster
than its linear analogue. Overall, this report demonstrates a prototype of a scalable access to cyclic

polymers with enlarged turnovers of precious catalysts.

1.2 REMP catalyst design for simple polymer separation: from homogeneity to heterogeneity

Previous REMP studies have adhered to a typical purification method conducted after ring-
opening metathesis polymerization (ROMP), which is multiple polymer precipitation or
crystallization in cold polar protic solvents?*262°, The rigorous purification was inevitable because
polarity and crystallinity of cyclic polymers were not sufficiently distinct from undesired polymeric
metal complexes (e.g., P1 vs H1 in Fig. 1.2b). While this purification is still suitable for the removal
of metal which is already deactivated with a quencher in ROMP, it is in fact inappropriate from the
aspect of catalyst recovery in REMP in which active ruthenium carbene catalysts are regenerated
upon the release of cyclic polymers. Furthermore, all the polymeric ruthenium species generated via
the side pathways are de facto active catalysts for REMP (Fig. 1.2b). Thus, the demanding post-
synthetic purification likely decomposes the metal carbene catalysts by oxygen, moisture, or
purification solvents®, potentially followed by release of unwanted linear polymers or polymeric
metal complexes, which are difficult to separate from the desired cyclic polymers, once generated

(Fig. 1.1c).
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Figure 1.2. REMP of CP with the immobilized ruthenium catalysts. a, The silica-supported
ruthenium catalysts used in this study. b, Possible olefin metathesis pathways of cyclopentene ring
opening.

Previous ruthenium-based catalysts for REMP shared a common structure of metallacycle
where the N-heterocyclic carbene (NHC) and alkylidenes***/benzylidenes!’ were tethered by
organic linkers in the cyclic form (Fig. 1.1c). By replacing the organic linker with the silica gel
support, we envisioned a simpler and more guaranteed separation of the desired cyclic polymer from
the rest by filtration — the cyclic polymer is the only product chemically unbound from the silica
support unless linear chain-transfer agents are present in the system (Fig. 1.2b). The envisioned
catalyst, Het-D (a silica-containing metallacycle), was synthesized with the longest linear steps of
ten (Fig. 1.2a, see experimental section for the synthetic details). In addition, acyclic Het-S was
prepared in fewer steps for comparison and found as effective (vide infra). These REMP catalysts
consist of the chelating benzylidene structure, which are more stable in the air than the previous
REMP catalysts. The amount of the ruthenium catalyst anchored onto silica support was determined

from the Ru to Si ratio (4.0 pmol Ru/g silica for Het-D, 2.8 pmol Ru/g silica for Het-S) obtained by



the inductively coupled plasma mass spectrometry (ICP-MS) (Table Al). The degree of

heterogeneity of the catalysts was confirmed with the hot filtration test>>*? (Table A2).

1.3 Monomer selection and purification: “garbage in, garbage out”

Although known as a low-strain monomer that is challenging for exergonic ROMP/REMP3*-
%, cyclopentene (CP) was selected as the monomer for initial studies. Given a typical molar mass
range of polyalphaolefins used for lubrication (<50 kDa)?, it is unnecessary to design higher-molar-
mass cyclic polyCP/polyethylene for viscosity modifier purposes. In this respect, limited monomer
conversion, even in bulk polymerization (e.g., 84% at r.t.3%), which was considered a problem in
previous studies aiming to synthesize linear polyCP with higher molar masses (>100 kDa)**%% is
no longer a drawback since the low boiling-point cyclopentene can play the dual role of monomer
and solvent with no need of additional solvent. Furthermore, residual CP can be easily separated
from polyCP by simple distillation or evaporation under ambient conditions (bp= 45 <C). Moreover,
the resulting polyCP itself is interesting, as it is a chemically recyclable natural rubber analog, as
well as a pre-hydrogenated polymer of unique polyethylene featuring odd-numbered CH; periodicity,
which is otherwise hard to access®*.

Unfortunately, commercially available CP contained detectable amounts of acyclic olefin
impurities (~2000 ppm)®’. These impurities acting as chain transfer agents can not only decrease the
molar mass of polyCP"-® put also deteriorate the purity of cyclic topology in the REMP process®®
(Fig. 1.3b). Previously, exhaustive fractional distillation was exploited to separate these impurities
from CP because of the proximal boiling points between them?’. We envisaged that this distillation
method could be replaced with a simpler method, provided that a chemical treatment distinguishing
acyclic olefins from CP would be found. We selected the cobalt-catalyzed olefin isomerization—

selective hydroboration of terminal olefins developed by Chirik’s group®®; with only 0.001 mol% of



the cobalt catalyst based on CP, the acyclic olefin impurities were transformed into much heavier
hydroborated products via isomerized terminal olefins. On the other hand, CP remained intact
because the isomerization of CP never generates a terminal olefin (Fig. 1.3a) so that light CP could

be separated by simple distillation (Fig. 1.3b and Al).

NN B -
320 ppm N

0.001 mol% based on cyclopentene
SN | A e
660 ppm N 3 much heavier molecules :
o i :

=z Mes” AN Clo_N Mes (p'”>B\/\/\ (pin)B. \/I\/ :
/w/ i simple
__ 05mol% _ mol% @ dlstlllatlon @ Het-D
350 (pin)B —_—
@ ppm \/Y (p‘n)B\)i/ neat, r.t, 12 h

500 equiv BH
neat; 4
(neat : o + dehydrogenative boronated producls ; + hydrogenated products
| : (metathesis inactive)

140 ppm 2 equiv +hydrogena1edproducts """"""""" (can be consider as hydrocarbon solvents)

1470 ppm - rt, 12 hrs (metathesis inactive)
(~ 2000 ppm = 1 equiv)

c e lormglized with the olefin peak of polymer

b M,=37 kDa M,=27 kDa Cyclic polyCP from
MyIMy=15 My My=1.7 purified CP

“ Normalized with the olefin peak of cyclopentene I

[ |

commercial CP

dRl (a.u.)

RN
~_ -~ ~o

.o~ ~_ A \ _ . = cyclic poly CP from purified CP LV
. = cyclic poly CP from as-received CP | S o —_—
after the reaction ‘ dehydrogenative borylated products A A, < N T e Cyclic polyCP from
‘ ' : g as-received CP
‘ ‘ W Retention Time (min)
‘ » . d 24

purified CP cyclopentene olefinic proton
(after the distillation) =
5 20
=]
-
ST 7T 18
| [ \
A & e linear polyCP
N g 15 - == cyclic polyCP from as-received CP
= cyclic polyCP from purified CP
5 64 63 62 61 60 50 58 57 56 55 54 53 52 51 50 49 48 47 46 4 44 46 48 0 52
chemicalShiftippm) Log(molar mass) - 6.0 59 58 57 5.6 cagmlzla/\x’saf%!(pir%\) 51 50 49 48 47

Figure 1.3. Importance of monomer purity for REMP. a, A chemical treatment to differentiate CP
from linear olefin impurities. b, 'H NMR spectra of olefinic regions before and after the hydroboration,
as well as after simple distillation. comparison of cyclic polyCP made of the purified CP (M,=37 kDa,
Mw/M;=1.5) vs cyclic polyCP made of commercial CP as received (My=27 kDa, M./M;=1.5). ¢, SEC
traces. d, Mark—Houwink—Sakurada plots e, *H NMR spectra.

We conducted bulk REMP of purified CP (vs commercial one) with 1.0 mL of CP (11.3
mmol) and 20 mg of Het-D (0.08 pmol) at room temperature in a 20-mL vial under an argon
atmosphere. After filtration, the molar mass of the polymer made of commercial CP was found to be

lower than that of the polymer from purified CP (Fig. 1.3c, see Fig. A2 for the similar result of the



corresponding ROMP). Also, the cyclic topology was clearly deteriorated when commercial CP was
used. The intrinsic viscosities (1) of the two polyCPs over a range of molar masses, measured by
size-exclusion chromatography (SEC) equipped with a differential viscometer, showed that the
cyclic polyCP from purified CP (<n>¢ycic/<n>iiner=0.44) had a lower intrinsic viscosity than the one
from commercial CP over the whole range (<n>cyuic/<N>inear=0.81), which indicated linear
contaminants in the polymer from commercial CP (Fig. 1.3e, A3 and Table A3). The 'H NMR
spectrum of polyCP made of commercial CP shows minor olefinic proton signals around the major
signal of polyCP, which were undetected from the cyclic polyCP made of purified CP (Fig. 1.3e).
The integration of the minor signals was calculated to 1900 ppm, which is close to the amount of
linear olefin impurities in commercial CP stock, implying the undesired chain transfer by the
impurities. This negative effect on topology was also corroborated by DEPT 135 3C NMR
spectroscopy, where ill-defined side signals were detected in the case of REMP of commercial CP
(Fig. A3). These results highlighted that the use of a purer monomer is critical in REMP, where small

changes of monomer purity make a big difference of topological purity.

1.4 A cyclic polymer dispenser: “monomer in, polymer out”

Despite the simplified separation, there remain practical challenges to catalyst recovery.
Although the initiating catalyst is stabilized with the chelating benzylidene structure, ruthenium
carbene catalysts regenerated after release of cyclic polyCP can result in vulnerable alkylidene
structures®* (Fig. A8); in the presence of such catalysts, the post-synthetic filtration requires
anhydrous degassed washing solvents under inert conditions for the catalyst recovery. In addition,
the required amount of solvent increases as the amount or molar-mass of polymer increases. This ex

situ filtration endangers the catalysts and ultimately depreciates the practicality of the process.



Just as many synthetic chemists such as Dean, Stark, Schlenk, and Soxhlet did in the past,
we anticipated that a well-designed glassware would be a game changer, which streamlines the
process. Our initial attempt was to use a commercial solid-liquid extractor, known as the Soxhlet
extractor, where Het-D was placed with a cellulose thimble as a cartridge in the extraction chamber,
and then CP was refluxed in neat under an argon atmosphere. While CP was polymerized as a
monomer inside of the thimble, unreacted CP as a solvent washed the released cyclic polyCP off the
thimble, brought the filtered polymer to a collection flask, and was then freshly distilled back to the
thimble. Since all the active catalytic species always remained in the thimble under the inert

atmosphere, this in situ separation system provided the possible maximum level of the catalyst

security.
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Figure 1.4. “Monomer in, Polymer out.” a, Schematic illustration of the cyclic polymer extractor
mechanism. b, Photo of the extractor. ¢, Temperature dependence of REMP of CP d, Multiple
collection of duplicate cyclic polyCPs via the dispenser.

Nevertheless, two drawbacks were realized. One was that the reaction temperature was
dictated by boiling points of refluxing monomer/solvent. This is a problem since in the REMP of CP,

the ceiling temperature is low ([M]eq=1.17 at 30 T*?). Indeed, the REMP of neat CP (bp=45 <) in



a Soxhlet extractor afforded cyclic polyCP not exceeding the molar mass of 20 kDa. The other
drawback was that the collection flask always contained a mixture of cyclic polyCP and CP, which
required an additional step for CP recovery.

Accordingly, an apparatus that is a hybrid of the distillation apparatus and the Soxhlet
extractor was customized with two intended features (Fig. 1.4b, see Fig. A4 for our initial drawing
and preliminary versions). The custom glassware, namely a cyclic polymer dispenser, consists of a
fluid jacket surrounding the reaction chamber so that the reaction temperature can be controlled by
a recirculating chiller/heater (Fig. 1.4a). By decreasing the reaction temperature, increased molar
masses of cyclic polyCP up to Ma= 66.4 kDa were observed, as a result of the improved monomer
conversion (Fig. 1.4¢c)*. Another feature is to segregate the monomer and the polymer in the
collection flask by closing a stopcock installed on the pathway between the reaction chamber and
the collection flask (Fig. 1.4a). When the stopcock is closed, CP distilled from the flask into the
reaction chamber cannot return to the flask, which leaves cyclic polyCP in the flask. Once the
thermometer temperature drops (indicating the end of CP distillation), the flask filled with cyclic
polyCP is rapidly switched to an empty flask under an increased argon pressure, and then the
stopcock is reopened, which resumes CP circulation (and additional CP is added to maintain
monomer levels).

After mounting a cartridge on the cyclic polymer dispenser—that is a cellulose thimble
containing 100-mg Het-D (400 nmol Ru)—we began to operate the process by adding CP. The
stopcock was closed whenever cyclic polyCP needed to be collected, and then reopened. After
collecting cyclic polyCPs 12 times that were dispensed to collection flasks, we obtained 11.3 grams
of combined cyclic polyCP in overall 73% yield based on recovered CP (415,000 catalytic turnovers).

The amount of residual CP in the flasks, which was insufficient to be recovered by distillation, caused
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the yield loss upon sample drying. Each collection offered a cyclic polyCP with similar molar masses
(Fig. 1.4d). High purity of cyclic topology of each round was confirmed with SEC-viscometry and
DEPT 135 3C NMR analysis (Fig. A5). The polymers were white with negligible sign of metal
residue (< 10 ppb) (Table Al).

It is noted that the catalyst was kept on duty, “quarantined” safely in the cellulose cartridge
under an argon atmosphere throughout the whole process. In many cases, regenerated catalysts are
too vulnerable to recycle in a conventional way which includes an ex situ step of off-duty catalyst
recovery. The use of the cyclic polymer dispenser showcases a new approach to preserve the
reusability of precious REMP catalysts by quarantining them in situ, as demonstrated by constant
activity over multiple collections with high total turnover number. In addition, it can be extended for
the synthesis of cyclic polymers with higher molar masses by switching CP to higher ring-strain

monomers such as cyclooctadiene (Fig. A6).

1.5 “Social distancing” effect of the immobilized catalyst

We came to realize a noncyclic catalyst in which only the benzylidene moiety is tethered to
the silica (Het-S in Fig. 1.2a) can be as effective as Het-D, since only cyclic polymers can be released
from the support by backbiting. If the ruthenium loading on silica gel is sufficiently low, “socially
distancing” ruthenium centers may exclusively allow the desired backbiting pathway, physically
disallowing the undesired interchain interaction pathway that would release linear polymeric
ruthenium complexes unless the silica support holds both the NHC and benzylidene parts (Fig. 1.5a).
On the other hand, if densely populated, the propagating ruthenium could undergo this undesired

pathway to release linear defects because of chain proximity.
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“social distancing” [ linear polycP
| A REMP of CP with Het-Syign s
{<Dn>=12.5nm @ REMP of CP with Het-Syq,, g

¢ REMP of CP with Het-D P

<d>=17.2 nm <d>=6.8 nm 14

backbiting >> inter-chain transfer  significant interchain transfer 4.2 4.4 4.6 4.8 5.0 5.2
Log(molar mass)

Figure 1.5. “Social distancing” effect. a, Schematic illustration of the propensity for the interchain
interaction affected by ruthenium density on silica gel. b, Mark—Houwink—Sakurada plots of cyclic

polyCP made with Het-D, Het-Siow, and Het-Shigh.

To demonstrate the “social distancing” effect, densely populated Het-S (Het-Shigh, 18 jamol
Ru/1 g silica) and a low populated catalyst (Het-Siow, 2.8 pumol Ru/1 g silica) were prepared. Based
on surface area of silica gel, the average ruthenium distance of Het-Siow Was estimated to be 17.2
nm, which is larger than the hydrodynamic diameter (12.5 nm +0.6) of the isolated cyclic polyCP
measured in CP at 22 <T by dynamic light scattering, whereas the ruthenium distance of Het-Shign
was 6.8 nm, indicating more congested environment (Table A5).

All characterization data of two cyclic polyCPs obtained with Het-D and Het-Siow—molar
masses, the Mark—Houwink—Sakurada plots, the conformation plots, *H NMR and DEPT 135 *C
NMR spectra—are nearly identical (Fig. 1.5b&A7). In contrast, Het-Shigh afforded polyCP with a
higher intrinsic viscosity than Het-Siow, which implied more interchain transfer events. DEPT 135
13C NMR spectrum also manifested ill-defined side signals. ICP-MS detected 2000 times higher
ruthenium content in the polymer made with Het-Shigh (30,000 ppb vs 15 ppb) than one made with
Het-Siow (Table Al). Each characterization consistently led us to a conclusion that Het-Siow provided

cyclic polyCP with as pure topology as does Het-D, while “REMP” of CP with Het-Shignh suffered
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from the undesired side pathways. The discovery of the “social distancing” effect paves the way for
potential manipulation of catalytic activity/selectivity of the catalysts by modifying the NHC*. In
addition, noncyclic silica-supported catalysts are easier to prepare, which increases the practicality

of the system.

1.6 Hydrogenation of cyclic polyCP to cyclic polyethylene

The isolated cyclic polyCP was hydrogenated to cyclic polyethylenes using the
tosylhydrazine decomposition method*. The full conversion was confirmed by solid-state **C NMR
analysis (Fig. A9). The cyclic polyethylene had a slightly lower melting point (Tm= 131 <C) and
crystallization point (Tc.= 113 <C) when compared with its linear analog (Tm= 133<C, T¢= 115<C)
(Fig. A10), which is an opposite trend to our previous observation with higher-molar mass cyclic
polyethylenes (Tm= 132 <C, Tc= 115<C vs for the cyclic one vs. Tm= 130 T, T= 113 <C for the linear
one)!. This discrepancy as well as other properties of cyclic polyethylene are currently under

thorough investigation.

a 100+ M cyclic polyCP A linear polyCP b the Initiation stage the backbiting stage
EREEEEEEE
o EEE BREEU AN AL DA AA @
801 amhpantA [t faster
< u a4 chain scission izati
° n A8 ? > depolymerization
< 60 m A ST (=ring opening) ~ ———g——>
1 a = oo : ,@_
= I E ' ) snns
K=} A PS5 o y= -0.204x ;
[ 2= '
S0 2 B I i T
> A i § 06 a ! original DP
S . £ o T oy
© 20 I depolymerization
Lz R#=0.99 3 ; chain scission depolymerization
T ' ‘-
0-a& 3 _,-‘40‘0-0'5-|'0-w‘5-2'0-2‘5-3'0'3'51 - _ lh
' Time (min) | dead chain
777777777777777777777777777777777777777 v
T T T T 1
0 5 10 15 20 degree of polymerization (DP) (>700) lower DP
Time (min) = number of internal olefins/one terminal olefin

Figure 1.6. Topology dependence of depolymerization. a, Depolymerization conversions of cyclic
polyCP (M,=56.8 kDa, M./M;=1.37) and linear polyCP (M,=52.8 kDa, Mu/M:=1.66).
Depolymerization conditions: *H NMR, CDCl; (25 mM based on the repeat unit), 0.5 mol% Grubbs 1%
generation catalyst, room temperature. b, A proposed rationale of the expedited polymerization rate of

cyclic polyCP.
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1.7 Depolymerization kinetics: cyclic polyCP vs linear polyCP

One of the merits of polyCP is its chemical recyclability to monomer in the presence of an
olefin metathesis catalyst, which permits a circular polymer economy*. When cyclic and linear
polyCPs with similar molar masses were treated respectively with the 1% generation Grubbs catalyst
in chloroform, the cyclic polyCP was found to depolymerize 1.6 times faster than its linear analogue
(Kdepolymerization=-0.485 min’* for cyclic polyCP vs -0.294 min‘* for linear polyCP in Fig. 1.6a&A11).
Considering that the initiation process occurs dominantly by random chain cleavages of abundant
internal olefins over terminal olefins (degree of polymerization (DP) >700), we tentatively believe
that after the first metathesis turnover, the linear polyCP was bisected into two shorter linear polyCPs,
one with an active ruthenium carbene and the other without it (Fig. 1.6b)*¢. On the other hand,
cyclic polyCP would be always opened to active linear polyCP with the original DP without dead
fragments'®, and this expedited depolymerization. Research on the detailed topology effect

depending on other variables (molar mass, temperature, solvent, etc.) is ongoing.

1.8 Conclusions

A scalable process for the synthesis of cyclic polyCP has been developed by leveraging
heterogeneity of the catalysts with the help of the customized glassware. Once the catalyst and the
monomer were placed to the system, the circular loop of polymerization, polymer separation, and
catalyst recovery operated on its own, and then dispensed cyclic polyCP. This continuous process
not only resolved long-standing purification issues in homogeneous REMP systems but also
unveiled a new concept of “quarantining” a heterogeneous catalyst in the compartmentalized system
to maximize overall TONs of vulnerable REMP catalysts, thereby allowing affordable mass

production of cyclic polymers. In addition, the effect of polymer topology on depolymerization rates
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was discovered, with which we hope to give an intriguing insight to promote the circular polymer

economy. Currently, preliminary tests of cyclic polymers as a lubricant additive are ongoing.

1.9 Experimental section

1.9.1 General materials information

The first generation Grubbs catalyst, the second generation Grubbs catalyst, and the second
generation Hoveyda-Grubbs catalyst were generously provided by Umicore. The cobalt catalyst for
the cyclopentene purification was prepared according to the reported procedure.! Cyclopentene and
cyclooctadiene were purchased from Sigma Aldrich and degassed by the freeze-pump-thaw method
or argon sparging before purification. For polymerization and catalyst synthesis, dichloromethane
and toluene were distilled over drying agents under an argon atmosphere, degassed by the freeze-
pump-thaw method, and then stored over activated molecular sieves in the glovebox. In other cases
that dry solvents were needed, solvents were purified by passing through the solvent purification
system (SPS). Deuterated solvents were purchased from Cambridge Isotopes Laboratories, Inc. and
used as received. Synthesized polycyclopentenamer and polybutadiene were stabilized with
butylated hydroxytoluene (BHT) before stored in the fridge to prevent polymers from cross-linking.
Other compounds are synthesized as described in Section 1.9.15.

1.9.2 General experimental information

The standard Schlenk techniques were used for all reactions carried out under an argon
atmosphere. The retention factor (Rf) of thin-layer chromatography (TLC) was recorded using E.
Merck silica gel 60 F254 precoated plates (0.25 mm) and visualized by UV fluorescence quenching

or potassium permanganate staining. Liquid *H and *C NMR spectra were recorded on either a

10bligacion, ]. V. & Chirik, P. ]. Bis(imino)pyridine Cobalt-Catalyzed Alkene Isomerization-Hydroboration: A
Strategy for Remote Hydrofunctionalization with Terminal Selectivity. J. Am. Chem. Soc. 135, 19107-
19110 (2013).
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Bruker Ascend 400 spectrometer or a Varian Inova 500 MHz. Solid-state MAS *3C NMR spectrum
for the hydrogenated polycyclopentenamer was provided by the California Institute of Technology
Solid State NMR Facility using Bruker DSX-500 MHz spectrometer, Bruker 4 mm magic angle
spinning probe. High resolution mass spectra (HRMS) were provided by the California Institute of
Technology Mass Spectrometry Facility using a JEOL JMS-600H High-Resolution Mass
Spectrometer. THF Size exclusion chromatography (SEC) data were collected using two Agilent
PLgel MIXED-B 300 x 7.5 mm columns with 10 pm beads, connected to an Agilent 1260 Series
pump, a Wyatt 18-angle DAWN HELEOS light scattering detector, and an Optilab rEX differential
refractive index detector. Also, another SEC setup was used with Waters high pressure liquid
chromatography (HPLC) pump, Waters 2707 autosampler with a loop volume of 100 |L, and two
Shodex gel permeation chromatography LF-804 size-exclusion columns maintained at 35 <C. Molar
masses were determined from light scattering using dn/dc values calculated from batch mode
measurements of polymer solutions at different concentrations. Intrinsic viscosity data were
collected by Wyatt triple detector GPC (18-angle DAWN HELEQS light scattering detector—
Viscostar 1l viscometer — Optilab rEX differential refractive index detector) using dn/dc values
determined by representative samples. Five different concentrations of the polymers in THF were
injected using Wyatt High-Pressure Injection Systems and the resulting R1 signals were plotted as a
function of concentration; gradient of a linear fit using ASTRA software provided actual dn/dc
values. Chloroform SEC analysis was carried out with the Waters system (a 515 pump and a 2707
autosampler with a loop volume of 100mL), Wyatt OptiLab T-rEx refractive index detector and
Shodex SEC LF-804 column. The flow rate was 1.0 mL/min and the temperature of the column was
maintained at 35 <C. Samples were filtered through a 0.20 mm PTFE filter before injection.

Headspace GC-MS instrument was equipped with Gas Chromatographs (Trace 1300; Thermo
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Fischer Sientific), GC/MS (TSQ Series; Thermo Fischer Scientific) and Autosampler (Triplus RSH;
Thermo Fischer Scientific). The gas flow for the analysis using GC was 1.0mL/min and the inlet
temperatures was 200 <C. The analysis was implemented in a 100:1 split ratio. TG-5MS (30 m X
0.25 mm X 0.25 um) was used as GC column. Initial oven temperature was 35 <C for 10 min, then
it was elevated by the rate of 50 <T/min and their temperature was maintained at 250 <C for 10 min.
The analyzed peaks were the identified using Thermo Xcalibur Qual Browser. The samples were
prepared as 500 ppm in N,N-dimethylacetamide (Alfa, anhydrous), and 3 mL of the sample was
transferred to a headspace vial. Then, the sample was heated at an oven temperature of 35 <C for 10
min, elevated with the rate of 50 <T/min, and 250 <C for 10 min. Preprocessing condition for the
samples was established using the Headspace-sampler with incubation temperature and time as 50
<T and 20 min, respectively. The ion source temperature of 230 <T and transfer line temperature of
250 <T. Injection volume was set as 1 mL. Bruker UltrafleXtreme MALDI-TOF MS was used for
MALDI-TOF analysis. 0.2 mg of samples and 0.2 mg of additives (Na(TFA) or Ag(TFA)) were
dissolved in 0.3 mL of matrix (anthracene or all-trans-retinoic acid) solution (40 mg/mL). A drop of
the mixed solution was deposited onto the sample plate, dried under vacuum, then analyzed using
flexAnalysis with Polytools software. Other instrumental details are described in corresponding

sections with results.
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1.9.3 ICP-MS experiment
Samples were analyzed using an Agilent 8800 Triple Quadrupole ICP-MS. The intensities

of ruthenium isotopes 99, 100, 101, 102 and 104 were measured, and the intensity of pure 2% nitric
acid was subtracted to give the net intensities. The net intensities were compared with that of
ruthenium standard solutions obtained by diluting a ruthenium standard (99.60 ppm ruthenium in
2% HCI, purchased from VeriSpec) with 2% nitric acid. The numbers provided indicate the average
concentration of the five isotopes measured.

Catalyst digestion:
10 mg of supported molecular REMP catalysts (Het-D, Het-Siow and Het-Shigh) were

precisely weighed in plastic vials using a Sartorius BP110S balance, digested with 1 mL distilled
68% nitric acid at 20 <C for 20 hours on an IKA KS 260 shaker with a shaking speed of 100
motion/minute. After digestion, samples were diluted with 20 mL deionized water purified by Milli-
Q system. Corresponding sample blanks were prepared using SiO> in an analogous manner.

Polymer digestion:

20 mg of the corresponding filtrate of polymer solution was concentrated under reduced
pressure and then the organic residue was digested with 1 mL distilled 68% nitric acid at 20 <C for
20 hours on an IKA KS 260 shaker with a shaking speed of 100 motion/minute, and then sonicated
using a Cole-Parmer 8851 Ultrasonic Cleaner for 2 hours at 0 <C. After digestion, samples were

diluted with 20 mL deionized water purified by Milli-Q system.



Table Al. ICP-MS analysis data

umol Ru/1 g silica

ppb

Het-D
Het-S (=HET'Slow)
HET-Shigh
Cyclic polyCP made with Het-D
(all iteration combined)
Cyclic polyCP made with Het-Siow
Cyclic polyCP made with Het-Shigh
Cyclic polyCP made with the homogeneous
REMP catalyst’
I\
Mes~ NY_N]
C|ln..Ru— )3
cI” |
PCys
(after 3 times precipitation in cold
methanol)

Cyclic polybutadiene made with Het-D

1.9.4 The hot filtration test3

4.0
2.8
18.4

» polyCOE

Het-D
CD,Cl, (0.5 M), r.t

M:1=1000:1
COE in a glove box

[Procedure]

<10
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30,000

10,000
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In a glove box, 250 mg of Het-D (0.001 mmol) was weighed into an 8-mL vial. To this vial

were added 2 ml of CD2Clz, 10.0 mg of 1,3,5-trimethoxybenzene (as internal standard) and 0.13

mL of cyclooctene (1 mmol). The reaction ran for 30 minutes at room temperature. Then, 1 ml of

the reaction mixture was transferred using a syringe and filtered with a 0.45-micron PTFE syringe

filter. The conversion of the filtrate was recorded with *H NMR. After 2.5 hours, the reaction mixture

2For the homogeneous catalyst synthesis, see: Boydston, A. ], Xia, Y., Kornfield, ]. A., Gorodetskaya, 1. A. &
Grubbs, R. H. Cyclic Ruthenium-Alkylidene Catalysts for Ring-Expansion Metathesis Polymerization. . Am.

Chem. Soc. 130, 12775-12782 (2008).

3Allen, D. P.,, Van Wingerden, M. M. & Grubbs, R. H. Well-Defined Silica-Supported Olefin Metathesis Catalysts.

Org. Lett. 11,1261-1264 (2009).
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in the vial was filtered likewise, and the conversions of both samples were measured. ICP-MS
detected less than 10 ppb of ruthenium from the filtrate.

Table A2. The hot filtration test

Split Point (30 mins) Original (3 h) Filtrate (3 h)
COE conversion \ 20% 42% 20%

1.9.5 Monomer purification

(A) Cyclopentene purification

-
YN B
320 ppm | e
TN
rgm Mes’N_ife_N‘Mes (PiMB A~ (pm)B\)\/ Gimple
_ 0.5 mol% @ (Pin)B_ . . /( distillation
Sogquw /\( 2\/ —j:O\BH > /ﬁ (PiN)B_ S @
(neay 350 ppm o + hydrogenated products (metathesis inactive) + hydrogenated products (metathesis inactive)
/‘/i/ 2 equiv + dehydrogenative boronated products
rt., 12 hrs
140 ppm
1470 ppm
(~ 2000 ppm = 1 equiv)
Cyclopentene impurities pinacolborane Chirik’s catalyst
MW 68.12 127.98 540.64
d 0.771 0.882
source Aldrich Assume Aldrich synthesized
344508-100ML 2000 ppm 655856-5G
state colorless liquid Colorless bluegreen solid
liquid
equiv 500 1 1.8 0.005
used 50 mL 0.30 mL 3.1mg
mmol 565.91 1.132 2.04 0.0057

[Experimental Procedure]

Degassed cyclopentene was transferred into the glove box. A 100-mL oven-dried round-
bottom flask (with a magnetic stir bar) was charged with cyclopentene, pinacolborane, and Chirik’s

cobalt precatalyst! in the glovebox — a group of linear olefin impurities* were considered limiting

+Mulhearn, W. D. & Register, R. A. Synthesis of Narrow-Distribution, High-Molecular-Weight ROMP
Polycyclopentene via Suppression of Acyclic Metathesis Side Reactions. ACS Macro Lett. 6, 112-116
(2017).
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agents in this reaction. The flask was capped with a rubber septum (Fig. Ala) and the reaction
mixture was stirred for 12 hours at room temperature (Fig. Alb). In the fume hood, the mixture
was passed through a plug of silica gel (Fig. Alc) and then purified via simple distillation (Fig. Ald,
Setup: mineral oil bath T =55 <C, observed thermometer T = 45 C).

*Note#1: When degassed, the solution stayed green, while the solution color changed from dark
green to purple to red when not degassed.

*Note#2: The catalyst loading is 0.001 mol% based on cyclopentene. Given the green solution color

after the 12-hour reaction, the catalyst loading could be even lower.

commerical CP (Aldrich)

Purified cyclopentene ApexRT Start RT EndRT  Area  %Area Height %Height
2-pentene | 169 162 174 13053271 0.61 4309099 034
cyclopentene | 1.88 185 191 209E+09 97.88 122E+09 97.67
e cyclopentane | 194 192 197 32148527 151 24762309 1

KY3-105¢p

Commercial Purified CP

Apex RT Start RT  End RT Area %Area  Height %Height
cyclopentene 1.88 1.85 191 209E+09 99.86 1.22E+09 97.67
cyclopentane 194 192 197 32148527 0.14 24762309 1

100 107 105 103 101 09 097 095 093 091 089 08 085 083 08
chemical shift (opm)

Figure Al. Cyclopentene purification. a, 3 mins after adding the cobalt catalyst b, 12 hours after
adding the cobalt catalyst (the same solution color, green). ¢, silica filtration. d, distillation. e,'H NMR
spectra of the purified cyclopentene and commercial one as received (upfield). f, Head-space GC-MS

data of purified cyclopentene and commercial one as received.
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*Note#3: As reported by Chirik (see ref.1 in page 14), dehydrogenative boronated products and
hydrogenated products were generated as side products. The dehydrogenative boronated products
were separated by the distillation step. Inseparable hydrogenated products were metathesis-inactive,
which can be considered as hydrocarbon solvents. That was why the detected alkyl protons were
different.

*Note#4: We did not perform GC calibration of the commercial CP with authentic impurities in
order to convert %Area to %mol, because we think further efforts towards the commercial CP would
be slightly off the point when the purified CP turned out to be sufficiently pure under GC sensitivity.

(B) Cyclooctadiene purification

Cyclooctadiene was purified by two previously reported methods®® in a consecutive manner:
Hoye’s BH3 treatment method?®, zeolite (molecular sieve) filtration®, and then distillation. >99.99%
Purity of cyclooctadiene was determined with gas chromatography (%Area). 4-vinylcyclohexene

was not detected.

3i, S., Hoye, T. R. & Macosko, C. W. Controlled Synthesis of High Molecular Weight Telechelic Polybutadienes
by Ring-Opening Metathesis Polymerization. Macromolecules 37, 5485-5489 (2004).

sKornfield, ]. A., Davis, M. E., Wei, M.-H. & Jones, S. C. 2017, patent No. W02017112961.
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1.9.6 Importance of monomer purity in ROMP and REMP
(A) ROMP of purified cyclopentene vs commercial cyclopentene

Mes’Ni-l?N'Mes

ClRu=
civ

(0]
ipr’

(0.01 mol%) ;
toluene (3.8 M) O'Pr

O e A

and then n

A0

monomer/initiator=10,000

—— as-received
purified

M =20k
M M =1.34
cisitrans=15:85

M =34k
M JM =151
cisitrans=18:82

dRlI (a.u.)

Retention Time (min)

Figure A2. ROMP of cyclopentene. The purified cyclopentene (vs. commercial one) with the 2nd
generation Hoveyda-Grubbs initiator and their THF SEC traces. The cis:trans ratio was obtained with

13C NMR analysis.

[General Experimental Procedure]’
In a flame-dried 5-mL vial was placed Hoveyda-Grubbs 2" generation catalyst (0.01 mol%)

or Grubbs 2" generation catalyst (0.05 mol%). Degassed solvent (dichloromethane or toluene was
added to the vial under an argon atmosphere. In another flame-dried vial were added cyclopentene

and degassed solvent (dichloromethane (5.0 M) or toluene (3.8 M)). The catalyst solution was

For the similar protocol, see: Mugemana, C. et al. Ring opening metathesis polymerization of cyclopentene
using a ruthenium catalyst confined by a branched polymer architecture. Polym. Chem. 7, 2923-2928

(2016).
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quickly added to the vigorously stirring cyclopentene solution at r. t. or 0 <C. After 1-3 hours, the
reaction was quenched with excess ethyl vinyl ether (~0.1 mL). The crude mixture was concentrated

and precipitated in methanol multiple times, affording linear polyCP. The NMR spectra matched

with the previous report.’

(B) REMP of purified cyclopentene vs commercial cyclopentene

with the olefin peak of polymer

Normalize
a (o3 purified /
1.6+ cyclopentene |/
//
|
|
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I
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Figure A3. Importance of monomer purity. a, The conformation plot (Rg vs molar mass). b, Mark—
Houwink—Sakurada plots (wide range). ¢, DEPT 135 13C NMR spectra (CDCI3, 100 MHz, 23 <C).

Table A3. Important parameters.
synthetic method ‘ polymer ‘ dn/dc ‘ Kngf}g)z ‘ a ‘ < 77 cydic> /< 77 linear> ‘ <Rgcydic>2/ <Rgjinear>2
ROMP of CP linear polyCP 0.1318 7.06 0.69 1 1
REMP of purified CP cyclic polyCP 0.0853 5.62 0.64 0.44 0.54
REMP OfE‘l’)mmerdal mixture 0.1166 6.79 0.68 0.81 0.81

K, a: Mark-Houwink-Sakurada constants.
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Additional Discussion:

Cyclic polyCP was found to have a lower specific refractive index increment (dn/dc) than
linear polyCP. This observation was coherent with Chen’s recent report regarding acrylate-based
cyclic polymers.® The Mark-Houwink-Sakurada constant K of linear polyCP was higher than that
of cyclic polyCP. Presumably, linear polymers’ higher chances of polymer entanglements which
stem from the reptation of linear polymers are related to their higher sensitivity of the refractive
index increment over the change of polymer concentration, as well as their higher sensitivity of the
intrinsic viscosity over the molar mass.

The other Mark-Houwink-Sakurada constant a showed that these polymer chains were
flexible random coils regardless of topology. The ratio of the square radius of gyration matched
well with theoretical values in good solvents.® The ratio of the intrinsic viscosity was lower than
many theoretical predictions or some experimental data'®; however, this lower value is commonly
shown by cyclic polymers produced by the ring-expansion method*?, the reason of which is still

elusive.

sMcGraw, M. L., Clarke, R. W. & Chen, E. Y. X. Synchronous Control of Chain Length/Sequence/Topology for
Precision Synthesis of Cyclic Block Copolymers from Monomer Mixtures. J. Am. Chem. Soc. 143,3318-3322
(2021).

’Endo, K. in New Frontiers in Polymer Synthesis (ed. Kobayashi, S.) 121-183 (Springer Berlin Heidelberg,
2008).

Jeong, Y., Jin, Y., Chang, T., Uhlik, F. & Roovers, ]. Intrinsic Viscosity of Cyclic Polystyrene. Macromolecules
50,7770-7776 (2017).

11(a) Bielawski, C. W., Benitez, D. & Grubbs, R. H. An ‘endless’ route to cyclic polymers. Science 297, 2041-
2044 (2002). (b) Roland, C. D, Li, H,, Abboud, K. A,, Wagener, K. B. & Veige, A. S. Cyclic polymers from
alkynes. Nat. Chem. 8,791-796 (2016). (c) Edwards, ]. P., Wolf, W.]. & Grubbs, R. H. The synthesis of cyclic
polymers by olefin metathesis: Achievements and challenges. J. Polym. Sci. Poly. Chem. 57,228-242 (2018).
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1.9.7 Fabrication of the cyclic polymer dispenser

The glassware used for this research was blown by Mr. Nathan Hart of Caltech Glass shop

(nhart@caltech.edu). The glassware has been upgraded based upon trials and errors of the research.

N water owt
14/30 :

~lo
L L

Ee
N

.

-~

Figure A4. The design plan of the custom glassware and pictures of the modified versions.
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1.9.8 REMP of CP in the cyclic polymer dispenser

O e
—»
20°Cor-5°C

argon
cyclic polymer dispenser

Cyclopentene Het-D
MW 68.12 4 pmol Ru/ 1g silica
d 0.771

source purified synthesized
state colorless liquid light green powder
equiv 707391 1

used 25 mL 100 mg
mmol 282.957 0.0004

[Experimental Procedure]
All glasses depicted in Fig.A5a were dried in a 165 <C oven prior to use. The cyclic polymer

dispenser was connected to a thermometer, a 25-mL Schlenk flask containing a small amount of
BHT (<5 mg), and a dropping funnel with the help of suitable joints (Fig. A5a). The upper cooling
jacket was equipped with a water circulator, and the lower jacket was linked to a circulating chiller
or heater, depending on the required reaction temperature (Fig. A5b). The catalyst (Het-D) was
placed in a commercial cellulose thimble. The thimble containing the catalyst was transferred into
the reaction chamber of the cyclic polymer dispenser (Fig. A5a&A5b). The whole glass system was
charged with argon by vacuum and argon backfilling. Afterwards, CP was added to the reaction
chamber via the dropping funnel (Fig. A5b). The distillation column part was wrapped with cotton
and foils for heat insulation (Fig. A5b). The heater was set to 70 <C. For convenience, a heat block
was used instead of an oil bath (Fig. A5b). Once the circulation of CP began, the thermometer turned
to 44-45 <T (Fig. A5c). When the polymer needed to be collected, the stopcock of the dispenser was
closed. After the thermometer temperature was dropped to room temperature, the argon pressure was
increased, and then the filled flask was replaced with a new 25-mL Schlenk flask (Fig. A5d). The

possible air contaminant was vented out of the system by quickly opening the valve of the new flask
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(Fig. A5d). The argon pressure was reduced back to normal, and the stopcock was reopened, and
then the CP circulation resumed. The product in the flask was a white solid (Fig A5e) and further
dried by rotary evaporation. The procedure was iterated 11 times. After all the iterations (at 20 <C),
11.3 g of cyclic polyCP was obtained overall as a white solid and 4.9 mL of cyclopentene was

recovered from the cyclic polymer dispenser (73% yield BRSM).

IH NMR (400 MHz, CDCI3) § 5.58 — 5.17 (m, 2H), 2.24 — 1.79 (m, 4H), 1.41 (p, J = 7.4 Hz, 2H). 3C NMR (101

MHz, CDCls) 6 130.33, 129.82, 32.21, 32.08, 29.87, 29.72, 29.56, 26.91, 26.75. cis:trans=19:81

Table A4. Information of each collection

1 2 3 4 5 6 7 8 9 10 11 12
collected
Amount 110 200 690 950 2130 3850 670 710 330 510 420 750
(mg)

My (kDa) 4640 4636 50.17 50.29 5590 54.63 4855 4598 40.14 4622 449 4045
Mw/Mhn 1.50 147 139 144 1.39 1.39 1.50 143 1.43 138 148 1.35
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Cyclic Polymer
Dispenser

by Caltech Glass Shop
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Retention Time (min) Log(molar mass) % e %

Figure A5. REMP of CP in the cyclic polymer dispenser. a, All required glasses. b, A real image of
the reaction setup. ¢, The thermometer temperature when the monomer is circulating. d, The moment
right after a filled flask was replaced with an empty one. e, The collected cyclic polyCP before
evaporation. f, SEC traces of all collections. g, Mark-Hounwink-Sakurada plots of the representative

collections. h, DEPT 135 *C NMR spectra of the representative collections.

1.9.9 REMP of cyclooctadiene

The use of the cyclic polymer dispenser was extended to REMP of cyclooctadiene (bp=150
<C); in this case, solvents such as dichloromethane or toluene (1-3 mL) were necessary under a
reduced pressure (10 torr), because the high ring strain of the monomer results in full conversion of

monomers. The solvent circulation in this system enabled formally high concentration
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polymerization. Commercial cyclooctadiene was purified in the reported manner (See Section 1.9.5

in page 19).

Het-D o
r. t. toluene (2 M)
10 torr
cyclic polymer dispenser

Cyclooctadiene Het-D toluene
MW 108.18 4 pmol Ru/ 1gsilica
d 0.882

source purified synthesized distilled and degassed
state colorless liquid light green powder

equiv 5000 1

used 0.75 mL 300 mg 3.0 mL

mmol 6.0 0.0012

[Experimental Procedure]

As described in Fig. A5 for the synthesis of cyclic polyCP, the whole glass system was used
with 300 mg of Het-D in a cellulose thimble to prepare cyclic polybutadiene. The stopcock of the
cyclic polymer dispenser was closed, and then cyclooctadiene and toluene were added to the reaction
chamber. The reaction mixture remained still without the monomer/solvent circulation for an hour.
After the temperature of the heater was set at 100 <C, the stopcock was opened. The pressure was
decreased to 10 torr. Once the circulation of cyclooctadiene/toluene began, the thermometer turned
to 60 <C. After 12 hours, the stopcock of the dispenser was closed. When the thermometer
temperature was dropped to room temperature, the pump was off, and then the filled flask was
collected. The product in the flask was further dried in vacuo. 500 mg of cyclic polybutadiene was
obtained overall as a white solid (77% yield).

IH NMR (400 MHz, CDCls) § 5.45 —5.19 (m, 4H), 2.26 — 1.73 (m, 8H). 13C NMR (101 MHz, CDCls) § 130.11,

129.99, 129.60, 129.44, 32.72, 32.69, 27.43, 27.41. cis:trans=69:31
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Figure A6. REMP of cyclooctadiene. a, Mark—Houwink—Sakurada plot. b, The conformation plot. c,
DEPT 135 *C NMR spectra (CDCls, 100 MHz, 23 <T). d, THF SEC trace of cyclic polybutadiene. e,
Important parameters. Linear polybutadiene presented in the plots: M,= 220 kDa, Mw/M=1.71. f,

Reaction rate comparison between homogeneous systems and heterogeneous systems.
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*Note #1: Monomer kinetics

For kinetic experiments of the catalysts Het-S and Het-D, 0.001 mmol of catalyst was
weighed in a 20 mL vial under nitrogen, followed by addition of 9 mL of Ce¢Ds and a stir bar. 1 mL
of 1 M cyclooctadiene solution was added under stirring, and the kinetic run was deemed to have
started. Aliquots of 0.4 mL solution were retracted by syringe and filtered into NMR tubes to
measure the monomer conversion. Conversions were calculated by comparing NMR peak
integration of monomer (2.17 — 2.30 ppm) and polymer (1.86 — 2.17 ppm) at different time points.
For kinetic experiments of Hoveyda-Grubbs 2" generation catalyst and the homogeneous REMP
catalyst SC5, the catalyst and COD monomer were dissolved separately in degassed CsDs under
nitrogen to afford 0.5 mM and 0.125 M solutions. 0.1 mL catalyst solution was transferred to an
NMR tube, followed by addition of 0.4 mL of monomer solution. The NMR tube was inverted
several times to ensure complete mixing before being inserted into the spectrometer. The kinetic run

was deemed to have started upon addition of the monomer solution.
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1.9.10 Calculation of ruthenium center distance

Based on the surface area information listed on the silica gel used for the silica supported
catalysts (Aldrich 60741), average ruthenium center distances of Het-Siow and Het-Shigh Were

calculated.

Table A5. Estimated Ru center distances.

(A)
Het-Siow
Silica Surface Area (m2?/g) 470 530
Ru loading by ICP (mmol Ru/g silica) 0.0028
mmol Ru/m? silica 5.9575x 106 5.28302 x 106
Avogadro number (#/mmol) 6.022 x 1020
# of Ru/m?2 silica 3.5876x 1015 3.1814x 1015
# of Ru/m silica 59,896,364.4 56,404,201.64
nm silica distance/Ru 16.69550414 17.72917568
<d> (nm) 17.2
(B)
Het-Shigh
Silica Surface Area (m2/g) 470 530
Ru loading by ICP (mmol Ru/g silica) 0.0180
mmol Ru/m? silica 3.8298x 105 3.39623x 105
Avogadro number (#/mmol) 6.022 x 1020
# of Ru/mz2 silica 2.3063x 1016 2.04521x 1016
# of Ru/m silica 151,865,002 143,010,753
nm silica distance/Ru 6.58479564 6.992481188
<d> (nm) 6.79
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1.9.11 Determination of hydrodynamic radius
Dynamic light scattering analysis was carried out with a Malvern Zetasizer Nano-S. The

average hydrodynamic volume was obtained with 52 measurements using cyclic polyCP solution at
22 T (5 mg/ml in cyclopentene, R1=1.423) in quartz glass cell (Hellma Analytics). The Mark-
Houwink contant (a) of cyclic polyCP obtained from SEC analysis (Section 1.9.6 in page 22) was
0.64. This indicated a flexible random-coil polymer that can be considered a sphere to which Mie

theory can apply.

—— average

volume

SLELE AL R R B AR AL L B B AL |

10 100 1000
D (nm)
M, (kDa) ) Dy,v (nm)

Cyclic PCP 49.7 1.74 12.48 £ 0.60
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Figure A7. “Social distancing”

parameters.

effect.

a, The conformation plot. b, *H NMR spectra of olefin ranges
(CDCls, 400 MHz, 23 <C). ¢, DEPT 135 3C NMR spectra (CDCls, 100 MHz, 23 <C). d, Important

1.9.13 Attempt to understand the backbiting process during REMP

[Catalyst cleavage reaction]

In the glovebox, Het-S (260 mg) was mixed with DCM (2 mL) and cyclopentene (0.5 mL).

The reaction mixture was taken out of the glove box and was stirred for 3.5 hours at 40 <C. The

reaction was quenched with 0.2 mL of ethyl vinyl ether. The catalyst was retained by filtration (DCM

washing), resulting in quantitative mass of Het-S’.
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50 mg of Het-S’ added by 5 mL of TBAF solution (1 M in THF), stirred for 36 hours at 50
<. After removal of residual solvent at reduced pressure, the product was isolated by filtration with

a short silica pad, and characterized by NMR, MALDI-TOF, LC-MS, and SEC.

|
)

a
Pure polyCP Chloroform

Residual organic parts
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Figure A8. a, *H NMR of the crude product after the intentional cleavage reaction. b, MALDI-TOF

spectrum of the crude product.
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[Discussion]

'H NMR showed oligomeric cyclopentene signals. With the assumption of the aromatic
signals purely coming from the initiating benzilydene moiety, the average DP of the oligomer was
five. Although SEC analysis provided no meaningful signal about this, MALDI-TOF exhibited some
repetitive signals which can be assigned as the oligomeric species. A tentative conclusion was made
that the backbiting process would occur at 5th olefin from the initial styrenyl olefin on average,

thereby generating the oligomeric Ru alkylidene catalyst as below.

After the first turnover of the initiator (Het-S),
oligomeric Ru alkylidene species could generate.

Mes— N‘Mes >
CIM-..RU_
cl” |
A ¢
\< Si:
(¢} 3OEt




1.9.14 Hydrogenation of cyclic polyCP
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H
4 N ~
BU3N, H2N Ts
BHT, xylene
140°C, 12 h
. . p-
polyCP tributylamine BHT toluenesulfonhydrazide Xylene
Mw 68.12
cyclopentene 185.35 220.35 186.23
MW
d 0.778 (25 °C)
source | Synthesized Aldrich Aldrich Aldrich 132004-100 Fisher
state white 90781-10ML 47168 certified ACS
colorless liquid white crystal white solid bp=140 °C
polymer
equiv double bond
equiv 35 little 3.1258
1
used 770 mg 9.5 mL 5mg 6.58¢g 50 mL
mmol 11.3 39.6 353

[Experimental Procedure]

In a 100 mL round-bottom flask equipped with a reflux condenser was added cyclic polyCP,

BHT, and xylene. Upon complete dissolution, p-toluenesulfonhydrazide and tributylamine were

added. The mixture was stirred at 140 <C for 12 hours, and then the hot mixture was poured into

stirring cold methanol (300 mL). The precipitate was filtered and dried in vacuo. Cyclic polyethylene

was obtained as a white solid (quant., 792 mg).

Otherwise, the conversion of double bonds is incomplete.

#Note#1: The azide and the amine must be added after the polymer is fully dissolved.
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Figure A9. CP/MAS solid-state *C NMR after the hydrogenation of cyclic polyCP.

T
-100

38

r1600
1500
1400
r1300
r1200
r1100
1000
r900
800
700
600
r500
r400
r300
200

100

r—-100




39

1.9.15 DSC analysis of polyethylenes (hydrogenated polyCPs)

Table A6. Differential scanning calorimetry (DSC) data
Samples Melting point (°C) Crystallization point(°C)

Cyclic Polyethylene 131.00 113.26
Linear Polyethylene 132.97 114.81

6 Cyclic Polyethylene T. = 113.26°C 6- Linear Polyethylene T,=114.81 °C

Heat Flow (Normalized) (W/g)
N N}
1

Heat Flow (Normalized) (W/g)

4 T, = 131.00 °C - T, = 132.97 °C

T T T T T T T T
40 60 80 100 120 140 160 180 40 60 80 100 120 140 160 180
Temperature (°C) Temperature (°C)

Figure A10. DSC curves for cyclic polyethylene synthesized from cyclic polyCP (M.=40 kDa,
Mw/M,=1.5) and linear polyethylene synthesized from linear polyCP (M=32 kDa, Mw/M\=1.7).
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1.9.16 Depolymerization study

PCy3
Clun.
CI'R|U:\ph
PCy3
0.5mol% @
CDCl5 (25 mM)
rt.
polyCP Grubbs 1t gen. cat hexamethyldisilane CDClIs
unit MW 68.12 822.96 146.38
d 0.715
source linear polyCP: Mn=52.8kDa, Umicore €823 Aldrich 217069-5G
state Mw/Mn=1.66 purple solid colorless liquid
cyclic polyCP: Mn=56.8kDa,
Mw/Mn:1.37
equiv 1 0.005 25 mM
(based on the repeating unit)
used 0.75 mg Stock solution 3 uL 0.44 mL
mmol 0.011 0.000055

[Experimental Procedure] - NMR Study

PolyCP was placed in a flame-dried 5-mL vial under an argon atmosphere, and then
hexamethyldisilane was added as an internal standard. After CDCl3 (430 pL) was added to the vial,
the solution was transferred to an NMR tube. The initial ratio between polyCP and the internal
standard was measured. To another flame-dried 5 mL vial was placed Grubbs 1st generation catalyst
(0.35 mg). CDCls was added to make a 5 mM catalyst stock solution. After a portion of the catalyst
stock solution (10 pL, 0.055 pmol) was added to the NMR tube, the solution was mixed by shaking
the NMR tube for five seconds, and then *H NMR was recorded over time. The Kdepolymerization Values
were estimated based on the approximation of the 1st order reaction rate (-d[polyCP]/dt =
Kdepolymerization[polyCP]), where [polyCP] was calculated by the integration ratio of polyCP’s olefinic

protons (6=5.39 ppm) compared to methyl protons of hexamethyldisilane.



41

[Experimental Procedure] — SEC Study
PolyCP (30 mg, 0.44 mmol of the repeating unit, 1.0 equiv) was placed in a flame-dried 20-

mL vial under an argon atmosphere and dissolved with degassed CHCI3z (13 mL, 33 mM). Grubbs
1% generation catalyst (0.36 mg, 0.1 mol%) in CHCIs was quickly added to the vigorously stirring
polyCP solution. 0.7 mL of the aliquot was taken each time and transferred into a sealed 2-mL vial
containing 30 uL of ethyl vinyl ether. The quenched polymer solution was directly injected to the

CHCI3 SEC to monitor the depolymerization.

a ——Omin b —— 0 min

0.5 min 0.5 min
cyclic polyCP —— 1.0 min linear polyCP —— 1.0 min
—— 2.0 min —— 2.0 min
—— 3.0 min —— 3.0 min
> ——4.5 min > ——4.5 min
g 5.5 min g 5.5 min
Q ——80min © —— 8.0 min
L= 11 min £ 11 min
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—— 20 min ‘ i —— 20 min

LA LI B LA B B

5 10 15 20 25 5 10 15 20 25

retention time (min) retention time (min)

(2]
Q

0.04 059
0.2 R
[=] 0 (=] —
o 041 N 5 y=-0.1347x-0.5473
Q. -6 a S 1o a R2?=0.99
3 081 " A 2 " \&"‘n\
= 10 a N = n B
o o -
Q 1.2 " ol Q . a.
> L) A > 1.54 ] A
S 141 a A R S '
2 = A K=} ] -
T 16 o T y=-0.1383x-0.5473 n
- [ ] - ]
1.8 . R2=0.99
2.0 : . : . ; T : 2.0 : . . ; . . .
0o 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7
Time (min) Time (min)

Figure All. Depolymerization study. a, SEC traces of cyclic polyCP over time. b, SEC traces of linear
polyCP over time. c, Depolymerization conversion of cyclic polyCP and linear polyCP. d, Similar
depolymerization rate at the later stage.
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Scheme Al. Synthesis of the immobilized ruthenium catalysts Het-S and Het-D.

Br Br
3 equiv BBrg )
K1 off-white solid
DCM (0.2 M),
MeO OMe 7gociore.  HO OH
10h
Cnvaintls” (97%) 4 equiv DHP
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rt,5h
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(A) Synthesis of Het-S
(i) Synthesis of K1: Nucleophilic substitution

OH

I OfPr
N A
O ) N
(1.5 equiv.) 0
1.5 equiv. K,CO3
Br 0.2 equiv. Cs,CO3 Br K1
DMF (0.33 M), r. t.,
commercially 12h white cystal
available (88%)

K1 was synthesized by the modified method from the previous literature.?
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5-bromosalicyladehyde 2-iodopropane Cs2C0;3 K2C03 DMF
Mw 201.02 169.99 325.82 138.21
d 1.703
source Aldrich Alfa Aesar Aldrich Aldrich Aldrich
137286-100G A15066 441902-50G  791776-500G  227056-1L

state white solid colorless liquid white solid white solid

equiv 1 1.5 0.2 1.5 0.33 M
used 20g 1.5 mL 652 mg 2.07g 30 mL
mmol 9.95 15 2.0 15

[Experimental Procedure]

To 5-bromosalicyladehyde in 30-mL DMF in a 165 <C-oven-dried 100-mL round-bottom

flask were added K>COs and Cs,COs. The flask was capped with a white rubber septum, and the

reaction mixture was stirred at room temperature for 10 mins. To the glowing yellow heterogeneous

solution was slowly injected 2-iodopropane. The reaction mixture was further stirred at room

temperature for 12 hours. Afterwards, the reaction mixture, the color of which was yale yellow with

no glowing, was diluted with ether (120 mL) and washed with water (50 mL x 5) and brine (50 mL

X 2). The organic layer was dried over MgSO4 and concentrated in vacuo. The crude mixture was

purified by flush silica column chromatography (Hexanes:EtOAc=20:1), affording the desired

product as a colorless liquid which gradually turned into a white crystal over time (MW=243.10,

2.13 g, 8.78 mmol, 88%).

12Kog, F.,, Michalek, F., Rumi, L., Bannwarth, W. & Haag, R. Catalysts on Functionalized Polymer Chips (PC) as

Recyclable Entities. Synthesis 2005, 3362-3372 (2005).
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Product Rs = 0.5 (hexanes:EtOAc=5:1) *H NMR (400 MHz, CDCl3) § 10.39 (s, 1H), 7.92 (d, J = 2.7
Hz, 1H), 7.59 (dd, J = 8.9, 2.7 Hz, 1H), 6.89 (d, J = 8.9 Hz, 1H), 4.65 (hept, J = 6.1 Hz, 1H), 1.40
(d, J = 6.1 Hz, 6H). 3C NMR (101 MHz, CDCls) & 188.71, 159.45, 138.13, 130.93, 126.98, 116.00,

113.12, 71.64, 21.90.

*Note#1: Proton and carbon NMR spectra matched those previously reported.'?

*Note#2: We observed that this reaction worked similarly in up to 10-g scale.

*Note#3: Rf value of the starting material was 0.51 (hexanes:EtOAc=5:1), the spot of which was
slightly higher but largely overlaps with that of the product on the TLC plate. However, they showed
different fluorescence under longer wavelength UV light (365 nm, SM-green, product-blue), which

can be rationalized by the excited-state intramolecular proton transfer process.™®

13Jang, Y.-]., Hwang, S.-H. & Choi, T.-L. Iridium-Catalyzed Direct C-H Amidation Polymerization: Step-Growth
Polymerization by C-N Bond Formation via C-H Activation to Give Fluorescent Polysulfonamides. Angew.
Chem. Int. Ed. 56, 14474-14478 (2017).
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(ii) Synthesis of K’1: BBrs-mediated Demethylation

Br Br
3 equiv BBr3
—»
-78°Ctor.t.
DCM (0.2 M), 10 h
MeO OMe (97%) HO OH
K1

commercially
available off-white solid

K’'1 was synthesized by the modified method from the previous literature."

1-bromo-3,5-dimethoxybenzene 1 M BBr3in DCM DCM
MW 217.06 250.52
d 1.467
source Accela Aldrich SPS
SY014454 100G 211222-100ML
state white solid pale brownish liquid
equiv 1 3 0.2M
used 50g 70 mL 50 mL
mmol 23.04 70

[Experimental Procedure]
To 1-bromo-3,5-dimethoxybenzene in dry dichloromethane in a 165 <C-oven-dried 300-mL

round-bottom flask capped with a white rubber septum was added a 1 M solution of boron tribromide
(BBrs3) in methylene chloride at -78 <C under an argon atmosphere. The light brownish reaction
solution was slowly warmed to room temperature and stirred for 10 hours, and then diluted with 100-
mL ether. At 0 <C, water (30 mL) was carefully added, immediately forming water-soluble white
solids. The organic layer was washed with water (100 mL x 2) — all the white solids were dissolved
at this stage — and brine (100 mL), and then dried over anhydrous MgSQs. After the solvent removal
in vacuo, the liquid residue was digested with 10-mL chloroform and concentrated in vacuo. The
solid residue was then vigorously stirred in 50-mL n-pentane for 15 mins, followed by decanting the
supernatant, affording the desired product as an off-white solid (MW=189.01, 4.22 g, 22.3 mmol,

97%).

“Chaudhuri, D. et al. Metal-Free OLED Triplet Emitters by Side-Stepping Kasha’s Rule. Angew. Chem. Int. Ed.
52,13449-13452 (2013).
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IH NMR (400 MHz, CDsOD) 5 6.46 (d, J = 2.1 Hz, 2H), 6.22 (t, J = 2.1 Hz, 1H). *C NMR (101

MHz, CDsOD) 6 160.52, 123.44, 111.04, 102.62.

*Note#1: The *C NMR chemical shift of C1 carbon (C-Br) in the referenced literature for this
reaction was reported mistakenly.'* Other values matched.
*Note#2: The 1 M solution of BBrz in methylene chloride must be handled extra-carefully in the

fume hood, because it generates lots of white smoke, as soon as exposed to the air.

(iii) Synthesis of K’2: THP protection of K'1

Br @ Br
o)
(4 equiv)
_ deauiv)
HO oH DEMO25M)  11pq OTHP

rt.5h

K1 (83%) K2
off-white solid colorless liquid
K'1 3,4-dihydro-2H-pyran PPTS DCM
Mw 189.01 84.12 251.30
d 0.922
source handmade TCI Alfa Fisher HPLC
D0555 100mL A15708-22 grade 4L
state grayish solid colorless liquid white solid
equiv 1 4 0.1 0.25M
used 420g 8.1 mL 558 mg 90 mL
mmol 22.2 88.8 2.22

[Experimental Procedure]
To K’1 in 90-mL dichloromethane in a 250-mL round-bottom flask were added 3,4-dihydro-

2H-pyran and pyridinium p-toluenesulfonate — K’1, insoluble in DCM, became fully soluble upon
addition of DHP. The flask was capped with a brown rubber septum, and the brown reaction solution
was stirred at room temperature for 5 hours (the air in the septum-closed system). Afterwards, the

reaction mixture was diluted with DCM (100 mL) and washed with saturated NaHCOs (ag., 50 mL),
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water (50 mL) and brine (50 mL). The organic layer was dried over MgSO4 and concentrated in
vacuo. The crude mixture was purified by silica column chromatography (Hexanes:EtOAc=15:1),

affording the desired product as a colorless liquid (MW=357.24, 6.55 g, 18.3 mmol, 83%).

Product Rf = 0.5 (hexanes:EtOAc=6:1) *H NMR (500 MHz, CDCls) § 6.86 (t, ] = 2.5 Hz, 2H), 6.69
(d, J = 2.3 Hz, 1H), 5.36 (dt, J = 6.7, 3.2 Hz, 2H), 3.85 (td, J = 10.6, 3.0 Hz, 2H), 3.67 — 3.53 (m,
2H), 2.05 — 1.88 (m, 2H), 1.82 (dt, J = 7.8, 3.8 Hz, 4H), 1.75 — 1.43 (m, 6H). 3C NMR (125 MHz,
CDCl3) 6 158.56, 158.51, 122.53,122.49, 113.16, 113.11, 104.33, 104.14, 96.51, 96.36, 61.95, 61.91,
30.21, 30.19, 25.13, 18.59, 18.54. HRMS: Chemical formula ([M]): CisH2:BrOs, calcd. [M]*
356.0623 Found: 356.0625.

(iv) Synthesis of K’3: Borylation of K’'2

1. 1.5 equiv "Buli
Br q

THF (0.25 M) B(pin)
/©\ — /©\
B EE——————
—
THPO oTHp 2 28quvPIOBEIN) oy OTHP

-78°Ctort,8h
K2 (86%) K’3
colorless liquid colorless liquid
K2 2.5 M"BulLi iPrOB(pin) THF
in hexanes
Mw 357.24 186.06
d 0.912
source synthesized Aldrich Aldrich
230707-100 ML 417149-5ML
state colorless liquid colorless liquid
equiv 1 1.5 2 0.25M
used 411¢g 7.0 mL 4.8 mL 40 mL
mmol 11.5 17.25 23

[Experimental Procedure]

To K’2 in tetrahydrofuran in a 100-mL round-bottom flask capped with a brown rubber

septum was added dropwise 2.5 M nBuLi in hexanes at -78 <C under an argon atmosphere. The
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reaction solution was stirred at -78 <C for 1 hour. Afterwards, 2-1sopropoxy-4,4,5,5-tetramethyl-
1,3,2-dioxaborolane was added dropwise and then the reaction mixture was warmed to room
temperature. After 8-hours, the crude mixture was diluted with DCM (120 mL) and washed with
water (150 mL) and brine (50 mL x 2). The organic layer was dried over MgSO4 and concentrated
in vacuo. The crude mixture was purified by silica column chromatography (Hexanes:EtOAc=10:1),
affording the desired product as a colorless liquid (MW=404.31, 3.98 g, 9.84 mmol, 86% yield).
Although impurities were detected, we moved on to the next step without further purification,

because K’3 was unstable.

Product R¢ = 0.5 (hexanes:EtOAc=5:1) *H NMR (400 MHz, CDCl3) § 7.12 (dd, J = 2.4, 1.7 Hz, 2H),
6.89 (g, J = 2.3 Hz, 1H), 5.47 (dt, J = 6.7, 3.1 Hz, 2H), 3.91 (m, 2H), 3.68 — 3.55 (m, 2H), 2.09 —
1.44 (m, 12H), 1.32 (s, 12H). 3C NMR (101 MHz, CDCl3) § 157.67, 157.59, 115.67, 108.61, 108.37,
96.09, 95.88, 83.73, 61.76, 61.71, 30.33, 30.30, 25.28, 24.85, 18.61, 18.57. HRMS: Chemical

formula ([M]): C22H33BOs, calcd. [M]* 404.2370 Found: 404.2370.

(v) Synthesis of K2: Suzuki coupling of K1 and K’3

B(pin)
K’3 oiPr
O'Pr
THPO OTHP O o
o )
(1.2 equiv.) _
5 mol% PdCl,dppf-CH,Cl,
Br K1 ~ 3equiv. K3PO, K2
coloiess liquid 1,4-d|0><ar$;?J E%ZiBMg:HZO=5:1
(95%) THPO OTHP
white solid
K1 K3 PdClzdppf-CHzCL; K3PO4 1,4-dioxane Hz0
MW | 243.10 404.31 251.30
d \ 0.922
source synthesized synthesized Aldrich Aldrich Aldrich degassed
379670-25G P5629- 34857-1L deionized
state white crystal  colorless liquid dark red solid 500G water

white solid
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equiv | 1 1.2 0.05 3 0.23M 5:1
used \ 1.12g 223¢g 188 mg 3.00g 20 mL 4 mL
mmol | 4.61 5.52 0.230 13.8

[Experimental Procedure]
In a 100-mL Schlenk flask, K1 and K’3 were dissolved in 20 mL of degassed 1,4-dioxane

under an argon atmosphere. KsPO4 and degassed deionized water (4 mL) were added to the flask.
To this solution, PdCl.dppf-CH2Cl> was quickly added, and then the reaction mixture was stirred at
90 <TC (oil bath) for 16 hours. After cooling down to room temperature, the reaction mixture was
diluted with ethyl acetate (100 mL), washed with water (50 x 2 mL) and brine (50 mL). The organic
layer was dried with anhydrous Na>SO4 and concentrated in vacuo. The crude mixture was purified
by silica column chromatography (Eluted with hexanes to hexanes:EtOAc=10:1 to
hexanes:EtOAc=3:1), isolating the desired product as a white solid (MW=440.54, 1.92 g, 4.36 mmol,

95%).

Product R = 0.38 (hexanes:EtOAc=4:1). *H NMR (500 MHz, CD,Cly) § 10.50 (s, 1H), 8.00 (d, J =
2.5 Hz, 1H), 7.78 (dd, J = 8.7, 2.5 Hz, 1H), 7.09 (d, J = 8.7 Hz, 1H), 6.92 (s, 2H), 6.74 (t, J = 2.3 Hz,
1H), 5.47 (g, J = 3.6 Hz, 2H), 4.75 (hept, J = 6.1 Hz, 1H), 3.91 (ddd, J = 12.1, 9.3, 3.1 Hz, 2H), 3.68
—3.57 (M, 2H), 2.09 — 1.95 (m, 2H), 1.94 — 1.80 (m, 4H), 1.79 — 1.65 (m, 4H), 1.61 (dd, J = 8.4, 4.2
Hz, 2H), 1.43 (d, J = 6.0 Hz, 6H). 13C NMR (126 MHz, CD,Cl) 5 189.73, 160.19, 158.54, 158.50,
141.43, 141.42, 134.13, 132.98, 126.12, 125.68, 114.50, 108.28, 108.22, 104.01, 103.92, 96.57,
96.48,71.41, 62.07,62.04, 30.36, 30.34, 25.24, 21.73, 18.83, 18.80. HRMS: Chemical formula ([M]):

C26H320s, calcd. [M]" 440.2199 Found: 440.2182.
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*Note#1: The fluorescence of the K1 at 365-nm UV was dark blue, whereas that of K2 was light
blue.

*Note#2: The yellow transparent liquid was triturated with pentane after purification.

(vi) Synthesis of K3: Wittig olefination of K2

1.1 equiv EtPPhgBr
1.1 equiv KHMDS

o'pr THF (0.15), 0 °C, then o'Pr

\o

cis:trans

THF (0.08 M), r.t. 12 h =37
O K2 (77%) K3
THPO OTHP THPO OTHP
white solid colorless liquid
K2 EtPPh3Br KHMDS THF
MW 189.01 371.25 199.48
d
source synthesized Aldrich Aldrich SPS
E50604-100G 324671-100G
state white solid white solid White solid
equiv 1 1.1 1.1 0.073 M
used 192¢g 1.78 g 958 mg 60 mL
mmol 4.36 4.80 4.80

[Experimental Procedure]
To a 15-mL THF solution of ethyltriphenylphosphonium bromide in a 50-mL round-bottom

flask at 0 <C was slowly added another 15-mL THF solution of potassium bis(trimethylsilyl)amide.
At 0 <T (an ice bath), this orange-color solution was transferred via a cannula to a 100-mL round-
bottom flask containing K2 (1.92 g, 4.36 mmol) in 30-mL THF. The white heterogeneous reaction
mixture was warmed up to room temperature, stirred for 12 hours. The reaction mixture was diluted
with ethyl acetate (100 mL), washed with water (50 x 2 mL) and brine (50 mL). The organic layer
was dried with anhydrous Na>SO4 and concentrated in vacuo. The crude mixture was purified by

silica column chromatography (Eluted with hexanes to hexanes:EtOAc=10:1 to
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hexanes:EtOAc=3:1), isolating the desired product as a colorless liquid (MW=452.59, 1.51 g, 3.34

mmol, 77%).

Product Rf = 0.5 (hexanes:EtOAc=4:1) 'H NMR (500 MHz, CsD¢) & 7.95 (d, J = 1.8 Hz, 0.3H), 7.86
(d, J = 2.4 Hz, 0.7H), 7.56 (d, J = 8.2 Hz, 0.7H), 7.52 (dt, J = 8.7, 2.0 Hz, 0.3H), 7.39 (dd, J = 3.4,
2.3 Hz, 2H), 7.33 - 7.26 (m, 1H), 7.06 (dd, J = 15.9, 1.9 Hz, 0.3H), 6.88 (d, J = 11.6 Hz, 0.7H), 6.70
(d, J=8.5Hz, 0.7H), 6.67 (d, J = 8.5 Hz, 0.3H), 6.23 — 6.09 (m, 0.3H), 5.84 — 5.70 (m, 0.7H), 5.45
(ddt, J=20.9, 13.9, 3.1 Hz, 2H), 4.27 — 4.13 (m, 1H), 3.97 — 3.78 (m, 2H), 3.51 — 3.38 (M, 2H), 1.97
—1.82 (m, 2H), 1.82 — 1.68 (m, 5H), 1.62 — 1.50 (M, 2H), 1.46 — 1.23 (m, 4H), 1.23 — 1.15 (m, 2H),
1.13 (dd, J = 6.0, 3.1 Hz, 6H). 3C NMR (125 MHz, CD:Cly) & 158.44, 158.42, 158.40, 158.38,
155.29, 154.36, 142.85, 142.84, 142.83, 142.81, 133.12, 133.10, 132.52, 128.83, 128.19, 127.64,
126.46, 126.33, 126.31, 126.21, 125.83, 125.61, 125.02, 114.15, 113.93, 108.41, 108.40, 108.34,
108.33, 103.54, 103.53, 103.46, 103.45, 96.75, 96.66, 96.63, 96.55, 70.79, 70.73, 62.21, 62.18, 62.12,
62.09, 53.97, 53.70, 53.43, 53.16, 52.89, 30.43, 30.41, 30.39, 25.27, 25.25, 21.93, 18.99, 18.96,
18.91, 18.89, 18.69, 14.63. HRMS: Chemical formula ([M]): C2sH3s0s, calcd. [M]* 452.2563, Found:

452.2575.

*Note#1: *C NMR spectrum obtain in CD2Cl. gave a better signal-to-noise ratio than that obtained

in CgDs.
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(vii) Synthesis of K4: THP deprotection, followed by nucleophilic substitution

opr oiPr

X
O 1. PPTS, EtOH O
cis:trans 55 °C, 40 mins
X T

=3.7

2. Cs,CO3, CHLCN
82°C, 10 h O
K3 (40%) K4
K3 PPTS ethanol Cs2C03 N Si(OED); acetonitrile
MW 452.59 251.30 325.82 332.25
d
source synthesized Alfa Aldrich synthesized Aldrich
A15708- 441902- 45851-1L
state colorless 22 50G yellow liquid
liquid white white solid
solid
equiv 1 0.4 0.04 M 3.5 3.5 0.04 M
used 1.68¢g 373 mg 100 mL 423¢g 432¢g 100 mL
mmol 3.71 1.48 13.0 13.0

[Experimental Procedure]

To a 100-mL ethanol solution of K3 in a 250-mL round-bottom flask was added pyridinium
p-toluenesulfonate. After the flask was capped with a rubber septum, the solution was stirred at 55
<T for 40 mins. After cooling down, the reaction mixture was diluted with ethyl acetate (100 mL)
and washed with brine (50 mL). The organic layer was dried over anhydrous MgSOs, filtered to a
250-mL Schlenk flask, and concentrated until approximately 5 mL of ethyl acetate remained. The
product flask was immediately transferred into a glove box, where 100-mL acetonitrile was added.
Afterwards, cesium carbonate and (3-iodopropyl)triethoxysilane®® was sequentially added. The
reaction mixture was stirred at 82 <C for 10 hours. After cooling down, the reaction mixture was

poured into ether:pentane=1:1 (150mL). The precipitate was filtered. The filtrate was concentrated

1sFor the synthesis of the alkyl iodide, see: Anyushin, A. V., Vanhaecht, S. & Parac-Vogt, T. N. A Bis-organosilyl-
Functionalized Wells-Dawson Polyoxometalate as a Platform for Facile Amine Postfunctionalization.
Inorg. Chem. 59,10146-10152 (2020).
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and purified by silica column chromatography (eluted with hexanes to hexanes:EtOAc=30:1),

isolating the desired product as a colorless liquid (MW=693.04, 1.03 g, 1.48 mmol, 40%).

Product Rf = 0.12 (hexanes:EtOAc=20:1) *H NMR (500 MHz, CDCls) & 7.58 (d, J = 2.3 Hz, 0.3H),
7.45 (d, J = 2.4 Hz, 0.7H), 7.36 (dd, J = 8.5, 2.4 Hz, 0.7H), 7.32 (dd, J = 8.4, 2.3 Hz, 0.3H), 6.91 (d,
J =85 Hz, 0.7H), 6.88 (d, J = 8.6 Hz, 0.3H), 6.72 (dd, J = 15.9, 2.0 Hz, 0.3H), 6.68 — 6.60 (m, 2H),
6.55 (dd, J = 11.6, 2.1 Hz, 0.7H), 6.39 (g, J = 2.5 Hz, 1H), 6.26 (dt, J = 16.1, 6.7 Hz, 0.3H), 5.82 (dg,
J=11.6,7.0 Hz, 0.7H), 4.59 — 4.46 (m, 1H), 3.96 (t, J = 6.7 Hz, 4H), 3.82 (g, J = 7.0 Hz, 12H), 2.00
—1.82 (m, 7H), 1.36 (dd, J = 9.6, 6.0 Hz, 6H), 1.22 (t, J = 7.0 Hz, 18H), 0.84 — 0.71 (m, 4H). 3C
NMR (126 MHz, CD2Cl2) 6 160.57, 160.55, 160.54, 155.26, 155.16, 154.32, 142.97, 142.94, 133.38,
132.77, 128.82, 128.16, 127.61, 126.45, 126.30, 126.29, 126.17, 125.81, 125.61, 125.00, 114.10,
113.87, 105.34, 105.31, 99.56, 99.51, 70.76, 70.69, 70.01, 69.64, 63.64, 58.31, 22.84, 22.31, 21.92,
18.67, 18.14, 18.10, 18.05, 14.61, 14.09, 6.44, 6.23. HRMS: Chemical formula ([M]): C3sHsoO9Si>,

calcd. [M]* 692.3776, Found: 692.3766.

*Note#1: The intermediate obtained after THP deprotection seemed to be unstable and quickly
turned to a red solution especially when the solution was too concentrated. Probably, the electron-
rich arene promoted an electrophilic aromatic substitution as a side reaction. Thus, we proceeded to

the next step immediately after the work-up.
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(viii) Synthesis of K5: Olefin metathesis of K4

~N¢oN-

OiPr MY o
RL‘}:\ I\ .
O N Cl'llacy3 Ph Mes— N\MeS _/_/Sl(OEt)3
(1.1 equiv) CI""'Ru_ 0
1.2 quiv cucl cl |
¢ P SO,
(E0):si” "0 0 >"sioky, &% \< 5
K4 greeKnsso/Id Si(OEt)S
K4 Grubbs catalyst CuCl DCM
MW 693.04 848.98 99.00
d
source synthesized Umicore C848 Aldrlcl; (? é Sz dried with CaHz, distilled,
state light yellow liquid brown solid off-white solid and degassed by FPT
equiv 1 11 1.2 0.017M
used 133 mg 179 mg 23 mg 11 mL
mmol 0.192 0.211 0.230

[Experimental Procedure]

In the glove box, to a 7-mL DCM solution of the Grubbs 2nd generation catalyst and copper(1)
chloride in a 165 <C-oven-dried 20-mL vial was added a 4-mL DCM solution of K4. The vial was
sealed with a PTFE green cap, and the reaction mixture was stirred at 40 <C for 1 hour. The red-
brownish solution turned green over a course of time. Brought out of the glove box, the reaction
mixture was concentrated with a rotary evaporator. The crude product was purified by flush silica
column chromatography (pentane:ether=9:1). The desired portion, an obvious green band, was
collected, concentrated with a rotary evaporator, and further dried in vacuo. The desired product K5

was isolated as a green solid (MW=1143.41, 187 mg, 0.164 mmol, 85%) and stored in the glove box.

IH NMR (500 MHz, CD:Cly) § 16.47 (s, 1H), 7.78 (dd, J = 8.6, 2.2 Hz, 1H), 7.15 (d, J = 2.2 Hz,
1H), 7.08 (s, 4H), 6.88 (d, J = 8.6 Hz, 1H), 6.61 (d, J = 2.2 Hz, 2H), 6.43 (s, 1H), 4.91 (hept, J = 6.1

Hz, 1H), 4.18 (s, 4H), 3.97 (t, J = 6.6 Hz, 4H), 3.83 (q, J = 7.0 Hz, 12H), 2.45 (s, 12H), 2.41 (s, 6H),
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2.02 - 1.83 (m, 4H), 1.25 (d, J = 6.1 Hz, 6H), 1.22 (t, J = 7.0 Hz, 18H), 0.81 — 0.70 (m, 4H). 13C

NMR (101 MHz, CDCl2) & 295.00 (d) 210.91, 161.04, 152.01, 145.60, 142.06, 139.24, 135.86,

129.69, 128.18, 121.00, 113.46, 105.89, 100.56, 75.85, 70.51, 58.74, 58.70, 23.28, 21.31, 21.26,

18.55, 18.50, 6.90. HRMS: Chemical formula ([M]): CssHg2CIl2N20gRuSI», calcd. [M]* 1142.3979,

Found: 1142.3998.

(B) Synthesis of Het-D
(i) Synthesis of K’5: Nucleophilic substitution of K'4

O'Pr o'Pr
X 17 N"Si(0E, X
_—
1.5 equiv Cs,CO3
CH4CN (0.1 M)
OH 82°C,12h O_~_-Si(OEY);
(62%)
K’4 K’S
K4 Cs2C03 17 ""Si(0EY), acetonitrile
Mw 192.26 325.82 332.25
d
source synthesized Aldrich synthesized Aldrich
441902-50G 45851-1L
state colorless white solid yellow liquid
liquid
equiv 1 1.5 1.5 0.24 M
used 1374 ¢ 349¢g 356¢g 30 mL
mmol 7.144 10.72 10.72

[Experimental Procedure]

In a glove box, K’4® was dissolved in acetonitrile in a 40-mL vial. Afterwards, cesium

carbonate and (3-iodopropyl)triethoxysilane'® was sequentially added. The reaction mixture was

stirred at 82 < for 10 hours. After cooling down, the reaction mixture was poured into

!For the synthesis of K’4, see: a) Grudzien, K. & Barbasiewicz, M. Studies on synthesis of quinonylidene
Hoveyda-type complexes. Appl. Organometal. Chem. 29, 322-327 (2015). b) Allen, D. & Giardello, M.
Supported olefin metathesis catalysts. U.S. Patent No. 9,427,731. (2016).
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ether:pentane=1:1 (100mL). The precipitate was filtered out. The filtrate was concentrated and
purified by silica column chromatography (eluted with hexanes to hexanes:EtOAc=10:1), isolating
the desired product as a light yellow liquid (MW=396.60, 1.757 g, 4.429 mmol, 62%, cis:trans=1:1).
Product R = 0.4 (hexanes:EtOAc=5:1)

IH NMR (500 MHz, CDCls) (cis:trans=1:1)  6.96 (d, J = 3.0 Hz, 0.5H), 6.87 — 6.75 (m, 1.5H), 6.75
—6.63 (M, 1.5H), 6.52 (dd, J = 11.7, 2.1 Hz, 0.5H), 6.19 (dg, J = 16.0, 6.6 Hz, 0.5H), 5.79 (dq, J =
11.9, 7.1 Hz, 0.5H), 4.41 — 4.26 (m, 1H), 3.90 (td, J = 6.7, 1.8 Hz, 2H), 3.83 (g, J = 7.0 Hz, 6H), 1.95
—1.82 (m, 5H), 1.30 (dd, J = 11.4, 6.0 Hz, 6H), 1.24 (t, J = 7.0, 1.4 Hz, 9H), 0.84 — 0.72 (m, 2H).
13C NMR (126 MHz, CDCl3) & 153.46, 152.80, 149.66, 148.75, 129.66, 129.25, 126.58, 126.01,
125.87, 125.70, 117.08, 116.84, 116.53, 113.63, 113.33, 111.99, 72.26, 72.21, 70.43, 70.40, 70.37,
58.46, 58.45, 58.40, 22.90, 22.89, 22.25, 22.19, 18.87, 18.31, 18.30, 14.77, 6.51. HRMS (FAB+):
found 397.1765, calculated 397.1773.

(ii) Synthesis of K7: Ligand exchange, followed by olefin metathesis of K’5.

Si(OEt);
i Si(OEt)3_ 1.2 equiv CuCl
Si(OEl)3 1. 1.05 equiv KHMDS DCM g0.0l7 M)
toluene , r.t., 0.5 h 40°C,1h Mes=N<_N~Mes
(two-step 60%) \r
. Clun., .
: T(\:gf toluene MeS’N N-Mes OPr C|'RT_ /_FSI(OEth
Mes~ N2 N~Mes S 017w R C X o) o]
o cl ||=c Ph'rt,an /“:\
Y3 cl | Ph K’5
K6 PCys ) K7
reamy-color solid — - o\/\/SI(OEt)3 green solid
1.1 equiv
K6 KHMDS Grubbs toluene cucl K’5 DCM
catalyst
MW 515.25 199.48 822.97 99.00 396.60
d
Aldrich Umicore dried Aldrich synthesized,
Synthesized, 324671- degassed 229628- light yellow .
source M700 7 dried
state creamy 100G brown solid 106G liquid degassed
color solid White solid . off-white
purple solid .
solid
equiv 1 1.05 1.25 0.017 M 1.2 1.1 0.017 M
used 81.4 mg 34 mg 163 mg 10 mL 19 mg 69 mg 10 mL
mmol 0.158 0.166 0.198 0.190 0.174
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[Experimental Procedure]

K631 was weighed into a 20 mL vial equipped with a stir bar in the glove box and then
dissolved in toluene (5 mL). Solid potassium bis(trimethylsilyl)amide was added to the stirring
solution. After 30 minutes, the amber solution was filtered through the celite plug and was collected
to a 25-mL Schlenk flask containing Grubbs first generation catalyst. The original vial containing
the NHC was washed with toluene (5 mL) which was then transferred similarly to the Schlenk flask
via the vacuum filtration. After 4 hours, the reaction mixture was loaded directly onto silica gel for
column chromatography (without concentration). The silica gel was untreated and the column was
run in the fume hood. The crude reaction mixture was eluted through the silica column with
10:90=ether: pentane which easily separated the bright purple band (unreacted G1, eluted first), from
the brown band (eluted second). This band was collected and concentrated via rotary evaporation. It
was not 100% pure but directly used for the next step without further purification.

In a glove box, to a 5-mL dichloromethane solution of the Ru catalyst and copper(l) chloride
ina 165 <T-oven-dried 40-mL vial was added 5-mL DCM solution of K’5. The vial was sealed with
a PTFE green cap, and the reaction mixture was stirred at 40 <C for 3 h. Afterwards, the reaction
mixture was concentrated in vacuo. The crude product was purified via flush silica column
chromatography using pentane:ether (9:1 to 1:1). The obvious green band was collected, and the
collected portion was concentrated via rotary evaporator, further dried in vacuo, and stored in the
glove box. The desired product K7 was isolated as a green solid (MW=1051.31, 99.3 mg, 0.0945

mmol, 60%) and stored in the glove box.
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IH NMR (400 MHz, CDCl2) § 16.37 (s, 1H), 7.23 — 7.03 (m, 5H), 6.75 (d, J = 8.9 Hz, 1H), 6.50 (t,
J=2.4 Hz, 1H), 4.81 (hept, J = 6.2 Hz, 1H), 451 (qd, J = 10.3, 3.4 Hz, 1H), 4.22 (t, J = 10.3 Hz,
1H), 3.89 (m, 9H), 3.78 (qd, J = 7.0, 1.8 Hz, 6H), 2.45 (br, 18H), 2.02 — 1.60 (M, 4H), 1.52 — 1.08
(m, 26H), 0.84 —0.70 (M, 2H), 0.70 — 0.52 (m, 2H). 3C NMR (101 MHz, CD.Cl,) § 295.11, 211.70,
154,53, 145.94, 145.34, 140.07, 138.79, 138.61, 129.72, 129.43, 129.16, 115.48, 113.13, 107.11,
74.77, 70.82, 64.17, 58.35, 58.27, 57.71, 54.01, 53.74, 53.47, 53.20, 52.93, 36.95, 29.72, 22.87,
2091, 20.84, 20.80, 19.83, 18.20, 18.14, 10.37, 6.44. HRMS: Chemical formula ([M]):

Ca9H78N20sSi2CloRu, caled. [M]* 1050.3712, Found: 1050.3712.
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(C) General Procedure of Anchoring the Catalysts onto Silica Gel

[Experimental Procedure]
In the glove box, the Ru catalyst (K5 or K7) was placed in a 165 <T-oven-dried 40-mL vial

and dissolved in toluene (0.01 M). Dry silica gel was added to the vial—commercial silica gel
(Aldrich 60741) was dried in a vacuum oven at 180 <C for 3 days before used. Extra toluene was
added until the mixture could be smoothly stirred, and then the reaction mixture was stirred at room
temperature for 4 days. Afterwards, the vial was brought out from the glove box and centrifuged.
After the supernatant was decanted (Fig. A10a), the remaining wet green silica was dried in vacuo
until the powder was free-flowing (Fig. A10b). The powder was transferred to a glass thimble,
washed with dichloromethane for 2 days via the Soxhlet extractor (Fig. 10c), and then dried again
in vacuo for a day. The actual catalyst loading on the silica was determined with the Ru-to-Si ratio

using ICP-MS (see. Section 1.9.3 in page 17).

supported catalyst after drying in vacuo. ¢, The Soxhlet setup.



60
*Note#1: The efficiency of the anchoring process was much lower when Ru complexes have one
attachment point than when they have two attachment points (e.g., K7 without the silyl tether of
NHC/benzylidene). However, in terms of cyclic polymer generation per se, there was nothing special
about having two attachment points. As long as the metal density on the surface is low, the complexes
with one attachment point at either the NHC or the benzylidene generated cyclic polymers in the
similar quality. Potentially, it would be more robust to have two attachment points against catalyst
leaching although a noticeable metal leaching was not observed so far according to the ICP data. In
this paper, the Ru complexes with two attachment points were used for the purpose that the number

of tethers remains one of our control variables in the system.

Mes= N N~Mes _/_/SI(OEO3 L f;'l'lf:n%"*'rlt Mes=N<N~Mes
ClinRy— o) 4d Clinpy— 0
| 2. Soxhlet v
O s L)
0 \< o}
o
gregsso/id Si(OEt)3 light gget;fwca (EtO)Si <O
K5 Silica toluene (]”orgg:/}lr let)
Mw 1143.41
d
source synthesized dried with Na, distilled and SPS
state green solid degassed by FPT
target loading
equiv 1 0.01 mmol Ru/1g 0.01 M
Silica
used 34.3 mg 30g 3mL+~5mL 200 mL
mmol 0.03

*Note#1: For the preparation of Het-Snhigh, 200 mg of Het-Siow (instead of pure silica) was used as a

starting material. The target loading was 0.1 mmol Ru/1g silica.
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Si(OEt)3
1. silica gel /_ea ¥
toluene, r.t.
Mes N‘Mes 4d MeszN\r
Clrn. Ru SI(OED); 2 et Clin )| — 0
cl” ' c I
Q} ~ %c') 5%
K7 Het-D
green solid light green silica
K7 Silica toluene (/‘orgggl let)
MW 1051.31
d
source synthesized dried with Na, distilled and SPS
state green solid degassed by FPT
target loading
equiv 1 0.01 mmol Ru/1g 0.01M
Silica
used 31.5mg 30g 3mL + ~5mL 200 mL
mmol 0.03
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Appendix 1. Spectra Relevant to Chapter 1

KY76.1.fid 22 cromanwoan aroToCo oa
[=x=1 Qo QW InWn & aa 6040 L0 ) W 9 D ]
— P P B B e B B 0 200 < e eF e e Y
Y S S W B e [
OPr
=0
Br K1
N m | il
T T . N
=t o (=] @ [
e ao 8 & S
c = R p=; ©
13 12 1 10 9 8 7 8 5 4 3 2 1 0
chemical shift (ppm)
'H NMR spectrum of K1 (400 MHz, CDCl)
KY76.2.fid noo
282
— w ¢ W (=R} e
= 2 288 gy P <
@ a 0 Cw w0 e marg <@
® © a9d ¢ REED b
SNST S
oPr
o
Br K1

| M)

210 200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
chemical shift (ppm)

13C NMR spectrum of K1 {101 MHz, CDCls)



KY3-46rere 1 fid [ayayayalal
o] [sxeiviuhe}
[=] QOO0 D D
T ZZZ=Z =
WD NN by D = e
TENNN & H S M ¢
g 6 b e erderi¢ed o
Lt | S
Br
HO OH
K1
MI
T
[
S @
N O
T

T T T T
1o 85 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1
chemical shift {(ppm)

'H NMR spectrum of K'1 (400 MHz, CD,0D)

KY3-46rere.2 fid

180.52
123.44
—111.04

—102.62

Br

HO' OH
K1

T T T T T T T T T T T T T T T T T T T T T T T T
20 210 200 180 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 o 10
chemical shift (ppm)

1*C NMR spectrum of K1 (101 MHz, CD;QD)

68



69

PROTONO1 — KY-THPprotection1 —

acm e IO ® QOO T TGN T D ® 0
Q=@ e DRVQD SRR RLeLduinig
e PN ek o i s i s ol
N R S T e e o

Br

T

fr | i

THPO OTHP
K2

1969 ————m"

201]

2009

o <t
QG
L]

35 380 25 20 15 10 05 00 -05

95 9L 85 8¢ 753 70 65 G0 55

-

50 45 40
chemical shift (ppm)
'H NMR spectrum of K2 (500 MHz, CDCl5)

KY-THPprotection.1.fid —

0 el 90— N

wwn w = — ¢ k0 00 = wn — — e O
< @ ool e = N9 ] it N 0N
B8 A8 22 32 4o N = Sow oo
- — = T oo [ 0 @ DON -
[eZ [ A A Dt L’ [ ]

Br

THPO OTHP

T T T T T T T T T T T
0 180 180 170 160 150 140 130 120 MO 100 90 80 70 60 50 40 30 20 10
chemical shift (ppm)

*C NMR spectrum of K'2 {126 MHz, CDCl:)

o~



70

SERERESEREERENRRES
LR
0. 0 I | ya fJ/[

GG
945
Faa]
ar's
&g

\B,

Q00

K’3

T vat
M\G_H_N

T et

I o
Foest

I8 AT

"H NMR spectrum of K'3 (400 MHz, CDCl3)

4581

Lty
SEE_
875z~

0g'0e
€€ amV.

LLLY
& vwvu

glge—

28'56
60 wmv.

2€'801
3 marv

AHGLL—

65 £51
L9 mm_.v

K’3

Ll ili

90

130 12 110 o 1’00 :
*C NMR spectrum of K'3 (101 MHz, CDCls)

140

130

2000 180 w0 190 160

210



71

o
=1
ol

N

050l —

PROTONO1 — KY-THP-Suzuki —

oPr

®
J

g

0
K2
OTHP

THPO

|

|

m\.oo 9
0c'e
6lL'¥

912

=202
=602

E860
86l
=60

=69l
=001

=¥60
=880

Fero

20 1.0

30

6.0 50 4.0

7.0

12.0 1.0 10.0 9.0

13.0

-0

chemical shift (ppm)

'H NMR spectrum of K2 (500 MHz, CDCl)

CARBONO1 — KY-THP-Suzuki —

0e'glL
€88 ﬁV
e
¥ese"
L0
mm.am%.

¥0'c8
hc.mmv

LprLi—

9P'98

e
26701
LovoL—
22801
82°001
osviLS

8862~
Thgel
86T~
cLpelL~"
A8

mv.ﬁvﬁv

05785}
vm.mmf\V\.
617091

CL681—

O'Pr

-~
OTHP

O~

THPO

T T T T T T T T T T
230 220 210 200 180 180 170 160 150 140 130 120

70 60 50 40 30 20

80

110 100 90

chemical shift (ppm)

C NMR spectrum of K2 (126 MHz, CDCls)



PROTONO1 — KY4-msthylstyrens-check —

EA

’\ I
I Ny ToT T o et i,
oNoOMNMS © o o oo N —No® O
Sooocoo S =R I NNNG =0
LRy Rl o o o - o o oo ol F oo
T T T T T T T T T T T T T T T T T T T T
10 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 0.5

KY-THP-Wittig. 2 fid —

chemical shift (ppm}

'H NMR spectrum of K3 (500 MHz, CsDs)

TNoOO@ODTO
TTTONG DD D WOEODSGOCONG N =D DN DO DD O
o0 o oo ToinaaG o N OO CCE OB B@@ el edel 3 ML N O NNG G 3 D@09
DMIDWWOWWDWSTTITTOOONNNNANNNNNN - - OO0 0QOOCWUUOOOMNNNNOOQW N <OEO0O =
P D T T T I R N N N N T E e e e 88 ERR oo aa8adyN 22T
SN N A T TS OO e A e e 0 AR

T — — —— T —

cis:trans
=3:7

T
30 180 17C 160 150 140

130 120 11¢ 100 90 80 70 60 50 40
chemical shift (ppm)

BC NMR spectrum of K3 (126 MHz, CD>Cl)

72



PROTONO1 — KY4-15recolumn —

O~~~ T NOOMT D O TOODODNTN —OD N TFNNOROTIDNND

BTANNONRRQONROODNONNNNOQDQARDBBRDSGGTDVE FOQON AN NMMN
[=ReoNo]

e 00O OOOOOUOOOROOOOINNWL DWW S MO mMmem,me
L N B A B B NV

e ey

o f

0" """ Si(OEt);,

(EtO)Si” "0

K4

T R e I it T it L&
@ WOR® © 8 o dh - N8 o
Go Soad @ = D o Gy ©
o= —NO O o o o = P~ = =t
T T T T T T T T T T T T T T T T T T T T T 1
10 85 90 85 80 75 70 65 60 55 40 385 380 25 20 15 10 05 00 -05 -1

50 45
chemical shift (ppm)

'H NMR spectrum of K4 (500 MHz, CDCls)

@

CARBONOZ — KY-sKY3-methylstyren:

P LD S 0O I DN — DO G~ QM
MO NNGHMNO oA 0O -0 M ML — 0N L TN TOW =G
COguTANONOE~REECEEWIWUsoww ' RNHLanen anae-. . auazyg
COOUBKITITOONNNNNANNNNN e OO BOCOT GO corodoos TN
B e I I R R gl R v O o S =Y 7+ NS — == o
SN Y ] e = O M atant ol

r
J

(10,517 "0 0" Si(0E;

K4

e e L B B e L B e e
230 220 210 200 190 180 170 160 150 140 130 120 11¢ 100 980 80 70 6C 50 40 30 20
chemical shift (ppm}

13C NMR spectrum of K4 (126 MHz, CD,Cl,)

73



PROTONG1 — KY4-24_KY3precursor —

~
=

GENONEAECTETNNINTIOOR COrON TN TN TN O
< ERENNCCOD000S 3300008 < a000000 TRy aNNNyRNN
— Po PP P P P (D 0 00 O 5 5 5 S e TN IO o caoc
et T e e e
[ .
Mes’N\rN"Mes Si(OEt);
Cl""'RLI_ s O s Jfl Ii g J[J( [ j
ci |
Oy
[e}
ks Si(OEt),
]
|
| s K'U& ! |
Tt A Lt el R
o SCOoad @O0 2 o T S
‘ —2— : ‘ ‘ ‘ : ‘ e, e e ‘ ‘ ‘
18 17 16 15 14 13 12 " 10 9 8 7 5 4 3 2 1 0 -1 )
chemical shift (ppm)
'H NMR spectrum of K5 (500 MHz, CD;Cl,)
KY4-24_sKY3precursor.1 fid —
& 2 SQESIE82E ¢ 88 o o= <+ o ©— 0w
S = ddcigdwgss o 1B g < w ~oa SNnNen o
& e 2FIo2essE - €8 S 8 5 JRale o
I [ £ B B B [ [ e |
Mes=Nu_N=pes SI(OEt);
Clitn R o)
cr |
oY
28
0 O
&8 K5
A Si(OEt)y

r T T T T T 1
00 295 280 285 280 275 270
chemical shift (ppm)

’H”I'HAM l| f \

T T T T T T T T T T T T T T T T T T T T T T T T
210 200 180 180 170 160 150 140 130 120 110 100 80 80 70 60 50 40 30 20 10 0 -10 -2
chemical shift (ppm)

*C NMR spectrum of K5 (126 MHz, CD,Ch)



PROTONQO1 — KY-JC3-methylstyrens

T T LI ITI T 5HS88535 P
QOGO OORQRNMNNNNNOGONn e e e e e R A A A e R R
e i i B i R e g o | B e

. | B

Oolpr

!/// P / f
Oa_-SI(OEY);
K'S

e, P I s s
o:-—gnnw h=4 o 0 o™ — o ==
Soquie B s &8 = wmw &
oCr-rTTOoQ o — fat <o} 'z} (‘e R o™
95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 -05 -1
chemical shift (ppm)
'H NMR spectrum of K5 (500 MHz, CDCls)
CARBONO1 — KY-JC3-methylstyrene —
[{eleRieRTol WM M Q@ MMM
TOYN CNBODRSDIBEN R e-or~ o oW~ = o~
G NGB QDG G0 M g e e qNyTa X S@oogaan
Dbuss SAJANAT22C2T odg @ R R
e e T e e e e [ S [rel DO~~~ 5
T I O 4 | = N

Ofr

O~ SI(OE);
K'S

Bl -

-

T
0 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30
chemical shift (ppm)

*C NMR spectrum of K'5 (126 MHz, CDCls)

20

75



76

a2z

PROTONO1 — KY-JC3-methylstyrene —

I8E
E8°E

98°E
68°E
mm.mw
Z6°E

e —

LB
W_.mm

Fars

G0'9
Wmo 4

0oL

J///f s

O'Pr
"
O _-SI(OE);
K's

T T T
80 75 70

85

9.0

95

00 05 A1

05

40 35 30 25 20 15 10

4.5
chemical shift (ppm)

55 5.0

6.0

85

'H NMR spectrum of K'5 (500 MHz, CDCls)

CARBONO1 — KY-JC3-methylstyrens —

158 —
LLFL
0cel
[2on:1%
881"
sgeg-f
mm.ww\
06°CZ

oFes—

L8704
0L

A
mw.wm%‘

68"l
ceell
€9CLL

€99LL
Fe8LL
80LLL
0L8C)
LOGLL
L09CL
95°9C)
S¢6CL
99'6CL

SL8FL

mm.mv—V
085l —
mv.mm—\

ofPr

O~ SIOE);

K’5

190 180 170 160 150 140 130 120 110 100 90 80 70 &0 50 40 30 20
chemical shift (ppm)
3C NMR spectrum of K'5 (126 MHz, CDCls)

)0



77

&9—

Si(OEY);

_—

Mes

Mes’N

/_/—Si(OEt)3

o]

L

Na
\II
Clias.,
c* RT_
\(O

H_”Y £6°0

T
]
L1 Ao}

'H NMR spectrum of K7 (400 MHz, CD,Cl,)

918k
v mWrW
ZLEgk
98eL
62 m?W
20°0¢L
¥ miﬁ
PEGrL
£5FEL-"

o

1

Q27 LE—

LLSGE—

SI(OED);

Mes’N

YN‘IVIes

/_/—Si(OEt)3

0
K7

O

Clln..Ru_
crv |
]

70

80

200 190 180 1T0 160 130 140 130 120 110 100 40

T T
290 280 IV0 260 230 240 230 20 210 8

310 200

0

Il fppd

BC NMR spectrum of K7 (101 MHz, CD,Cl,)



78

267L-— — -

85~ _

g9 L — — w
ey

i) NV R —— =
Lz - S
[

WrL— e I

3

eLe— —_ - ]

F ees -5

= i¥¥

= B8}

T T T
4 g )

fl (ppm)

'H NMR spectrum of the cobalt catalyst (500 MHz, CsHe)

T
3

T
7

T
3

=]




KY-PCP-purg.2.fid —

a8 3 ITxEH
Lelle] B
¥ [N
] ﬁL
iy o
(=) (=) (=)
S S S
= o -
—_—— 77777 T 77— : . .
0 95 90 85 80D 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00 05
chemical shift (ppm}
'H NMR spectrum of cyclic polyCP (500 MHz, CDCl)
CARBONG1 — KY3-16 —
n8 0 cwwmangn
Sa oo NO@ OGN
83 & aicicggeg
i SHITILR
Nl b
7 peaks
@ eHeneece)
@b (cH=te) (c.0
/\/tﬁt\/\%
P o P
P
PP
P
ct P
te
N Z
tc
f j J AJL
c,c
h§/’\~/"~§J
c.c
T T T T T T T T T
34 33 3 ¥ 30 29 28 27 28
chemical shift (ppm}
I
|
T T T T T T T T T T T T T T T T T T T
180 180 170 160 150 140 130 120 110 106 90 80 0 60 50 40 30 20 10

chemieal shift (ppm})

2C NMR spectrum of cyclic polyCP (126 MHz, CDCL:)

79



KY-cPCOD-Hoye 1.fid —

0w —

== -a

W ol
¥ ¥
—
|

- -~

|
|
[

—— e
=] =}
e <
< @
T

T T T T T T T T T T T T T T T

T T
10 85 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10

05 0.0
chemical shift (ppm)
'H NMR spectrum of cyclic polycyclooctadiene (500 MHz, CDCl;)
KY-ePCOD-Hoye 2 fid —
) — oy
2583 o o
Sddaa o
gegg 8 e
kst 85
e Il
|
; ; ; ; : ‘ ‘ : : ; : ‘ ‘ ‘ ; ; ; ‘ :
0 190 180 170 160 150 140 130 120 110 100 90 80 70 &0 50 40 30 20 10

chemical shift (ppm)

C NMR spectrum of cyclic polycyclooctadiene (126 MHz, CDCE)

80



81

Chapter 2

Bulky Cyclometalated Ruthenium Nitrates for Challenging Z-Selective
Metathesis: Efficient One-Step Access to a-Oxygenated Z-Olefins from

Acrylates and Allyl Alcohols

2.1 Introduction

The increasing demand for the timely assembly of biologically active molecules necessitates
the development of new carbon-carbon bond-forming methods that construct challenging organic
skeletons in a streamlined fashion.! Among these, Z-selective olefin metathesis showcases a precise
and straightforward approach to important Z-configured C-C double bonds that are often
thermodynamically less stable and non-trivial-to-access, and its practicality is further highlighted by
the use of only terminal olefins as readily available and functional group-compatible handles.? A
wide variety of terminal olefins have been investigated and found to be suitable for Z-selective
metathesis catalyzed by Mo,® W,* or Ru-based catalysts;>® however, a long-standing limitation of
these transformations is the lack of any catalyst that could efficiently process diverse types of
terminal acrylates and allyl alcohols. As a result, direct access to high value-added, a-oxygenated Z-
olefins from these feedstock chemicals remains a much-desired yet unmet challenge, despite that
enriched biological properties are often associated with molecules containing these structural motifs
(Scheme 2.1A).” To date, the only reported Z-selective metathesis of this class is limited to bulky t-
butyl acrylates, which is promoted by molybdenum monoaryloxide pyrrolide (MAP) complexes,*

and the use of terminal allyl alcohols remains elusive (Scheme 2.1B).®
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A. Z-selective olefin metathesis: reaction profile and current limitation B. Representative known metathesis approaches to corresponding structures
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Scheme 2.1. Accessing high-value a-oxygenated Z-olefins via metathesis: current approaches and

efficient Z-selective metathesis
with acrylates and allyl alcohols

classic

limitations.

Since the discovery of the cyclometalated Ru-based Z-selective metathesis catalysts in
2011,% our group has observed that the sidearms of the N-heterocyclic carbene (NHC) ligand play
an important role in influencing the catalyst activity and the level of stereo-control.> For example,
catalysts bearing a 2,6-diisopropylphenyl (Dipp) group (e.g., Ru-2°) in general displayed superior
activity and Z-stereoselectivity when compared to their analogs with a smaller mesityl group (e.g.,
Ru-1%°). However, catalysts with even bulkier skeletons are challenging to access using conventional
synthetic routes, as the C—H cyclometallation and its following steps are often rather sluggish and
result in low-yielding mixtures due to the gradual decomposition of the cyclometalated Ru-carbene
complexes.’® Very recently, we successfully overcame the challenge in the C—H metalation step
through a carefully optimized, “acid-base quenching”-driven approach, and introduced an even
bulkier 2,6-diisopentylphenyl (Dipep) sidearm.* The resulting ruthenium pivalate complex (Ru-3)
readily promoted the acylamide-olefin cross-metathesis in a highly Z-selective fashion. However,

Ru-3 was found to be ineffective towards acrylate substrates (with a turnover number smaller than
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5) and further derivatization of Ru-3 (e.g., towards complexes bearing other anionic ligands)**

remains elusive.r®

2.2“Acid-base quenching” approach to access new catalyst structures

A. Overcoming a key challenge in synthesizing bulky cyclometalated Ru-carbene-nitrates > 10 equiv NH;NO3, THF
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Scheme 2.2. Preparation and evaluation of cyclometalated Ru-nitrate catalysts.

A promising direction would be to prepare and investigate the less electron-rich nitrate
analogs of Ru-3 that are equipped with equally or even more sterically demanding sidearms.®®
However, the seemingly easy-to-run anion exchange reaction quickly proved to be a formidable
challenge in such a sterically encumbered environment. For example, under conventional conditions

using a large excess of NHsNOs in THF,*® the reaction not only failed to reach full conversion, but
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also led to two unidentified Ru-carbene side-products. Significant catalyst decomposition also
occurred concomitantly (see Supporting Information for details), making purification of the desired
nitrate catalyst extremely difficult (Scheme 2.2A). To overcome this, we envisioned that a suitable
nitrate source with a more acidic cation could potentially provide an additional driving force for this
challenging anion exchange via another formal “acid-base quenching” process. Specifically, if the
pivalate anion of the delicate cyclometalated ruthenium-carbene complexes could be exchanged and
readily removed from the system through irreversible protonation, a much-simplified reaction
system, e.g., with low equivalent of the nitrate reagent and short reaction period, might diminish or
even eliminate the undesired side-pathways. Guided by this designing principle, we identified 3-
fluoropyridinium nitrate (Al) as a suitable reagent. which is easily prepared and has a pKa value
approximately two units lower than that of pivalic acid. With only one equivalent added, Al fully
“protonates” ruthenium-pivalates containing a Dipep or even a diisoheptylphenyl (Dihep) sidearm
within 15 minutes at room temperature, with the release of neutral (instead of ionic) by-products,
pivalic acid and 3-fluoropyridine. Upon workup, the corresponding bulky nitrate catalysts (Ru-4 and

Ru-6) were prepared in high yields and, more importantly, in high purity for the first time.
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2.3 Substrate scope study for acrylates
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Scheme 2.3. Substrate scope with various acrylates and common olefins. 2 General reaction conditions:
1 (0.15 mmol), 2 (0.24 mmol), and Ru-4 (0.0045 mmol) in THF, N, room temperature. All yields are
isolated yields of the Z-products. The stereoselectivity was determined by *H NMR analysis of the
crude reaction mixture. ® 2 was used in 2 equiv. ¢ Ru-4 was used in 2 mol%. ¢ Ru-4 was used in 4 mol%
and 2 was used in 2 equiv. ® Ru-4 was used in 5 mol% and 2 was used in 2 equiv. " Ru-4 was used in

3.3 mol% and 2 was used in 2 equiv. ¢ Ru-4 was used in 5 mol%. For details, see SI.

The reaction scope was then investigated, first with various acrylates (Scheme 2.3A).
Excellent Z-selectivity (>20:1) was obtained in nearly all cases under the standard or slightly
modified conditions. The amino acid-derived substrate 3q was the only exception where a slightly
decreased, 17:1 Z/E ratio was observed. The desired products were generally isolated in pure Z-form
with ease. Primary, secondary and tertiary acrylates were all suitable substrates, including acrylates

bearing multiple heteroatoms (e.g., O and N) that may potentially coordinate with the catalyst (3p,
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3q, and 3r). Despite severe steric repulsion, (Z2)-o,B-unsaturated esters bearing y-substituents could
be formed with high stereoselectivity, highlighting the robustness of the presented method (3f).1
Both nucleophilic and electrophilic functional groups are well-tolerated, including bromides (3b),
boronic esters (3j), epoxides (3g), sulfonates (3h), and aldehydes (3i). Efficient Z-selective
metathesis was also observed in the presence of unprotected alcohols (3c) and phenols (3e), which
are less likely to be tolerated in many conventional transformations that construct (Z)-o,p-
unsaturated esters, such as Wittig-type reactions or esterification with Z-alkenyl acyl chlorides.
Moreover, inexpensive trimethylsilyl acrylate (1s) could serve as a convenient surrogate for acrylic
acid.!” Using the standard metathesis condition followed by flash column chromatography over silica
gel, Z-alkenyl acids (e.g., 3t) could be readily isolated in good yield and high stereoselectivity

(Scheme 2.3B).
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2.4 Substrate scope study for allyl alcohols
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Scheme 2.4. Substrate scope with various allyl alcohols and common olefins.  General reaction
conditions: 4 (0.6 mmol), 2 (0.15 mmol), and Ru-6 (0.00375 mmol) in THF, N2, room temperature. All
yields are isolated yields of the Z-products. The stereoselectivity was determined by *H NMR analysis
of the crude reaction mixture. ® 4 was used in 1 equiv. and 2 was used in 8 equiv. © 4 was used in 8
equiv. and Ru-6 was used in 4 mol%. ¢ 4 was used in 8 equiv. and Ru-6 was used in 5 mol%. For
details, see SI.

Z-selective metathesis with various allyl alcohols was next investigated (Scheme 2.4). When
feedstock allyl alcohols were used, olefin 2 was typically selected as the limiting reagent (e.g., 5b
and 5e). Alternatively, 2 could also be added in excess, especially when heavy and valuable a-
hydroxylated olefins were employed as the substrates (e.g., 5d). Note that in a stereoretentive

metathesis reaction, Z-configured olefins are often needed as the starting materials. While (Z)-but-
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2-ene-1,4-diol is still commercially available as a surrogate for the simplest allyl alcohol,®® the
corresponding “Z-dimer” of substituted allyl alcohols (e.g., 4¢’, “Z-dimer” of 4c) are usually quite
challenging to access. Therefore, the facile and direct incorporation of substituted allyl alcohols,
such as in the cases of in 5e, 5f, and 5g, showcases the unique benefit of this Z-selective approach.
Moreover, enantio-enriched 4c are also easily accessible, which are meaningful for the
straightforward construction of chiral natural products bearing such Z-allyl alcohol motifs (c.f.
Scheme 1A).” Various functional groups are tolerated, and a 1,1-disubstituted olefin remains
untouched (5b).1® Again, > 20:1 Z-selectivity was observed in all the examined cases. Since
substituted allyl alcohols are commonly used as a versatile synthetic handle, such a method may

allow the rapid assemble of other challenging chemical structures through further derivatization.

2.5 Conclusions

In summary, we have described a type of novel approaches to a-oxygenated Z-olefins by
efficient Z-selective metathesis using feedstock chemicals. These transformations are enabled by
sterically congested cyclometalated ruthenium-nitrate complexes, whose synthesis are made
possible by a new anion exchange method via “acid-base quenching.” High stereoselectivity and
good functional group compatibility were observed with various types of acrylates and allyl alcohols.
Given the ubiquity of a-oxygenated Z-olefins in natural products and synthetic intermediates, such
a method may find further application in streamlining the access to diverse organic molecules in a

stereoselective fashion.
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2.6 Experimental section

2.6.1 General consideration

All reactions were carried out in dry glassware under an argon atmosphere using standard
Schlenk techniques or in a Vacuum Atmospheres Glovebox under a nitrogen atmosphere, unless
otherwise specified. All solvents were purified by passing through solvent purification columns and
further degassed by bubbling nitrogen. NMR solvents were dried over pre-baked 3 A or 4 Amolecule
sieves and subsequently degassed with bubbling nitrogen. CDCl3 was used as received. Liquid olefin
substrates purchased from commercial sources were filtered through a plug of neutral alumina prior
to use. The retention factor (Ry) of thin-layer chromatography (TLC) was recorded by using E. Merck
silica gel 60 F254 precoated plates (0.25 mm) and visualized by UV fluorescence quenching or
potassium permanganate staining. *H and **C NMR spectra were recorded on either a Bruker Ascend
400 spectrometer (400 MHz and 101 MHz, respectively) or a Varian Inova 500 MHz (500 MHz and
126 MHz, respectively). For CDClIs solutions, the chemical shifts are reported as parts per million
(ppm) referenced to residual protium or carbon of the solvents; CHClz & H (7.26 ppm) and CDCl3 6
C (77.16 ppm). Coupling constants are reported in Hertz (Hz). Data for tH NMR spectra are reported
as follows: chemical shift (ppm, referenced to protium: s =singlet, d = doublet, t = triplet, g = quartet,
p = pentet (quintet), h = heptet, dd = doublet of doublets, td = triplet of doublets, ddd = doublet of
doublet of doublets, m = multiplet, the coupling constant (Hz), and integration). High-resolution
mass spectra (HRMS) were provided by the California Institute of Technology Mass Spectrometry
Facility using a JEOL JMS-600H High-Resolution Mass Spectrometer. Infrared (IR) spectra were
recorded on a Perkin Elmer Paragon 1000 spectrometer using neat samples on ATR diamond, and

are reported in the frequency of absorption (cm™).
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2.6.2 Catalyst synthesis
In Scheme B1, Ru-1}, Ru-22, Ru-73, and Ru-8% were synthesized according to the literature

procedure (1, B. K. Keitz, K. Endo, P. R. Patel, M. B. Herbert, R. H. Grubbs, J. Am. Chem. Soc.
2012, 134, 693-699. 2, L. E. Rosebrugh, M. B. Herbert, V. M. Marx, B. K. Keitz, R. H. Grubbs, J.
Am. Chem. Soc. 2013, 135, 1276-1279. 3, Y. Xu, J. J. Wong, A. E. Samkian, J. H. Ko, S. Chen, K.
N. Houk, R. H. Grubbs, J. Am. Chem. Soc. 2020, 142, 20987-20993.), and Ru-4 and Ru-6 were
prepared according to the following procedure (vide infra).

Scheme B1. Ru-carbene nitrate catalysts tested in this study.

Catalysts tested in this work
n
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S2: S1 was prepared according to the literature procedure* (4, S. Meiries, G. L. Duc, A.
Chartoire, A. Collado, K. Speck, K. S. A. Arachchige, A. M. Z. Slawin, S. P. Nolan, Chemistry — A
European Journal 2013, 19, 17358-17368.). A 100 mL round-bottom flask equipped with a short-
path distillation apparatus was charged with S1 (8.05 g, 27.8 mmol, 1 equiv), triethyl orthoformate
(36 mL), and TsOH (70 mg) and connected to an argon bubbler. The round-bottom flask was heated
in a metal block to 145 <C and stirred for 5 hours (the conversion of the reaction can be easily

monitored by the volume of the EtOH collected in the receiving flask). Upon full conversion, the
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majority of the remaining triethyl orthoformate was removed by reduced-pressure distillation. The
residue was purified by flash column chromatography (pentane:Et>O, 100:1 to 30:1) to give the crude
S2 as a colorless oil (6.45 g, 67% yield). Rf = 0.75 (hexane/EtOAc = 10:1). A crude NMR spectrum
is recorded for S2: *H NMR (400 MHz, CsDs) & 7.47 (s, 1H), 7.12 (dd, J = 8.7, 6.3 Hz, 1H), 7.08 —
7.03 (m, 2H), 4.33 (q, J = 7.1 Hz, 2H), 2.99 (p, J = 7.3 Hz, 2H), 1.62 — 1.48 (m, 8H), 1.39 — 1.14 (m,
12H), 0.86 (t, J = 7.3 Hz, 12H). The crude S2 was directly carried out to the next step without further
purification.

S3: A 50 mL round-bottom flask equipped with a short-path distillation apparatus was
charged with S2 (6.28 g, 18.2 mmol, 1 equiv), 1-adamantylamine (4.1 g, 27 mmol, 1.48 equiv),
TsOH (70 mg), and m-xylene (5 mL) and connected to an argon bubbler. The round-bottom flask
was heated in a metal block to 185 <C and stirred for 48 hours. Upon cooled to room temperature,
the reaction mixture was purified by flash column chromatography (hexane:Et:O = 15:1 to
pentane:acetone = 4:1) to give the crude S3 as a colorless oil (6.85 g, ~90% purity). Rf = 0.1
(hexane/EtOAc = 20:1). The crude S3 was directly carried out to the next step without further
purification.

S4: A 12 mL vial was charged with crude S3 (720 mg, 1.6 mmol, 1 equiv), 1,2-
dibromoethane (540 mg, 2.87 mmol, 1.8 equiv), DIPEA (415 mg, 3.2 mmol, 2 equiv), and m-xylene
(0.8 mL) under a nitrogen atmosphere. The vial was stirred at 130 <C for 24 hours. Upon cooled to
room temperature, the reaction mixture was diluted with 5 mL DCM and washed with water (8 mL
%5). The organic phase was then dried over Na>SOs, filtered, and concentrated in vacuo. The residue
was triturated with Et2O. The precipitate was collected by filtration and washed with EtO (2 mL x

2), leading to pure S4 as a grey solid (640 mg, 72%). *H NMR (400 MHz, CDCls) § 7.45 (s, 1H),
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7.42(t, 3= 7.8 Hz, 1H), 7.15 (d, J = 7.8 Hz, 2H), 4.77 (t, J = 11.0 Hz, 2H), 4.37 (dd, J = 12.4, 9.5
Hz, 2H), 2.54 (td, J = 8.6, 4.3 Hz, 2H), 2.25 (s, 3H), 2.09 — 1.93 (m, 6H), 1.81 — 1.58 (m, 10H), 1.55
—0.99 (m, 12H), 0.92 — 0.73 (m, 12H). 2*C NMR (101 MHz, CDCls) § 153.7, 144.7, 132.9, 131.3,
125.2, 58.1, 54.1, 46.8, 41.4, 40.3, 40.2, 38.9, 35.4, 29.2, 21.6, 21.4, 14.6, 14.5. HRMS: calcd.

477.4209 [M]" (for cation) Found: 477.4212.
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Ru-S2: In a N2 glovebox, a 20 mL vial was charged with S4 (640 mg, 1.15 mmol, 1 equiv)
and hexane (17 mL). To this was added potassium tert-pentoxide (0.9 M solution in cyclohexane,
1.3 mL, 1.17 mmol, 1.02 equiv). The vial was sealed and stirred at room temperature for 2 hours.
The reaction mixture was then filtered through a short plug of Celite into a 40 mL vial containing
Ru-S13 (640 mg, 1.0 mmol, 0.87 equiv). The 40 mL vial was sealed and stirred at 45 <C for 50 hours.
After cooled to room temperature, the reaction mixture was concentrated in vacuo. The residue was
transferred onto a short Celite column and flushed with pentane to remove the impurity and then
benzene to obtain the product as a dark green solution. Removal of the solvent furnished the crude
Ru-S2 as a green solid (580 mg, 70% yield, ~90% purity). The diagnostic chemical shift for the a-
H of the Ru-alkylidene of Ru-S2 is at 17.26 ppm (d, J = 1.0 Hz, 1H, C¢Ds). The crude Ru-S2 was

directly carried out to the next step without further purification.
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Ru-S3: A 40 mL vial was charged with Ru-S2 (558 mg, 0.67 mmol, 1 equiv) in THF (9 mL,
solution A). A 20 mL vial was charged with lithium pyrrolate® (246 mg, 3.37 mmol, 5 equiv) in THF
(8 mL, solution B). Solution A was chilled in a glovebox freezer for 2~3 minutes. Solution A was
then taken out of the freezer, and Solution B was transferred into solution A using a syringe over one
minute. The resulting mixture was stirred for 22 hours at room temperature, monitored by NMR to
ensure full conversion, and then concentrated in vacuo. Benzene (6 mL) was added to the residue to
dissolve most of the solid, resulting in a green suspension. Over a period of 3 minutes and with
vigorous stirring, the suspension was dropwise added to a 60 mL vial pre-charged with pentane (45
mL), which led to a green solution and the generation of white precipitate. The white solid was
removed through filtration and washed with a small amount of benzene. The filtrate was
concentrated in vacuo, triturated with pentane, and concentrated in vacuo again. The residue was
transferred onto a short Celite column. The column was flushed with hexamethyldisiloxane (2 mL
x2) and a mixed solution of hexamethyldisiloxane/pentane (1:1, 2 mL) to remove the impurity as a
brown band. The Celite column was then flushed with a benzene/pentane solution (1:2, 12 mL x<3)
to generate a green solution. Removal of the solvent furnished crude Ru-S3 as a dark green solid
(500 mg, 84% yield). A crude *H NMR spectrum was recorded for Ru-S3: *H NMR (400 MHz,
Benzene-ds) & 16.72 (d, J = 1.1 Hz, 1H), 7.61 — 7.55 (m, 2H), 7.35 (dd, J = 8.1, 7.3 Hz, 1H), 7.20 —
7.17 (m, 2H), 7.01 - 6.92 (m, 2H), 6.90 — 6.82 (m, 3H), 6.80 —6.73 (m, 1H), 6.71 (t, J = 1.8 Hz, 4H),
6.68 (dd, J = 7.4, 1.0 Hz, 1H), 6.44 (t, J = 1.8 Hz, 4H), 3.67 (dd, J = 10.1, 8.5 Hz, 2H), 3.39 (dd, J =
10.1, 8.5 Hz, 2H), 3.35 — 3.24 (m, 2H), 1.88 (s, 3H), 1.60 — 1.15 (m, 22H), 1.07 — 1.00 (m, 6H), 0.98

—0.67 (m, 4H), 0.58 (t, J = 7.1 Hz, 6H), -0.27 (tdd, J = 12.2, 7.1, 4.3 Hz, 2H).
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Ru-5: A 40 mL vial was charged with Ru-S3 (470 mg, 0.53 mmol, 1 equiv). To this, a
benzene (17 mL) solution of pivalic acid (250 mg, 2.45 mmol, 4.6 equiv.) was added at room
temperature. The reaction mixture was stirred at room temperature for 36 hours, monitored by NMR
to ensure full conversion, and then concentrated in vacuo. Pentane (5 mL) was added to the residue,
and the resulting mixture was stirred at room temperature for 5 minutes before being concentrated
in vacuo (during this process, formation of a purple precipitate is expected --- if not, such a
“trituration” procedure should be repeated). The residue was transferred onto a short Celite column.
The column was flushed with hexamethyldisiloxane (1 mL %<3) and pentane (1.5 mL) to remove the
impurity as a brown band. The Celite column was then flushed with benzene (4.5 mL) to generate a
purple solution. Removal of the solvent furnished Ru-5 as a 1:1 HOPiv adduct (purple solid, 410

mg, 81% vyield). The identity of the adduct was further elucidated by XRD analysis (see below).
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Characterization data of Ru-5: *H NMR (400 MHz, CeDs) & 14.68 (s, 1H), 12.38 (s, 1H),

7.49 (dd, J=7.6, 1.7 Hz, 1H), 7.31 (d, J = 8.0 Hz, 2H), 7.14 (d, J = 7.6 Hz, 1H), 7.09 (dd, J = 7.8,
1.7 Hz, 1H), 7.05— 6.91 (m, 4H), 6.91 — 6.81 (M, 2H), 6.57 (d, J = 8.2 Hz, 1H), 4.14 (s, 1H), 4.11 —
3.95 (m, 1H), 3.74 — 3.62 (m, 2H), 3.55 (q, J = 10.4 Hz, 1H), 3.29 (ddd, J = 12.0, 9.6, 4.5 Hz, 1H),
2.91-2.79 (m, 1H), 2.45 (ddt, J = 13.1, 7.0, 3.6 Hz, 1H), 2.30 — 2.12 (m, 3H), 2.12 — 1.98 (M, 3H),
1.97 — 1.87 (m, 2H), 1.85 — 1.39 (M, 12H), 1.38 — 1.26 (m, 6H), 1.25 — 1.01 (m, 12H), 0.98 — 0.84
(m, 8H), 0.84 — 0.39 (m, 12H). C NMR (101 MHz, C¢Ds) carbon signals were observed at § 255.6,
255.4, 214.0, 157.4, 154.9, 147.7, 145.6, 142.7, 139.8, 129.8, 128.6, 125.9, 125.0, 125.0, 124.7,
124.4,123.5,121.9, 115.5, 68.3, 63.2, 55.8, 43.7, 41.2, 41.1, 40.8, 40.6, 39.8, 39.1, 38.4, 38.3, 36.6,
36.3, 33.7, 31.2, 30.2, 27.8 (br), 22.9, 22.2, 21.9, 21.9, 15.2, 15.1, 15.0, 14.6. HRMS: Chemical

formula ([M]): Cs1H7oN203Ru, calcd. [M+H-H]" 859.4352 Found: 859.4340.

> 10 equiv NH,NO, THF
- NH,OPiv

tmmommmoe- classic approach ----- >

R E <50% NMR yield R

/ \ , large amount of side-products N/ \N
N\TN E unable to purify \\r
R 1 R
Ru/O R - Ru/o\ +R
= + \O)>—tBu @/F A1 —_— + \O)/N—o
o) | 0
. ~ AN
\Ph 1 equiv _— (pKa ~ 3) Ph

"
N -
R >Et H No3
Ru-3, R = Et - 3-F-pyridine, HOPIv (pKa ~ 5) R = Et, Ru-4, 83% isolated
Ru-5,R = "Pr "base-acid quenching”" ————— R = "Pr, Ru-6, 85% isolated

>90% NMR vyield

Ru-3 was synthesized according to the literature procedure.
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Ru-4:

An example of the classic approach: A 4 mL vial was charged with Ru-3 (30 mg, 0.0373
mmol, 1 equiv), NH4sNO3 (60 mg, 0.75 mmol, 20 equiv), and THF (2 mL) in a N2 glovebox. After
stirring at room temperature for 16 hours, the reaction mixture reached a high conversion, and a
crude *H NMR spectrum was recorded, indicating a 47% NMR vyield of the desired Ru-4 and the
generation of a significant amount of unidentifiable side products (Figure B1, see below). Note that
elongating the reaction time led to lower NMR yields of the desired Ru-4. As Ru-4 is unstable against
silica gel or aluminum oxide, purification was carried out mainly using filtration, wash, and/or
recrystallization approaches. However, despite extensive trials, the complete purification of Ru-4 is

hard to realize in our hands, and the best purity we could get is around 92%.
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Figure B1. The crude *H NMR spectrum for the preparation of Ru-4 using a classic approach.
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The “base-acid quenching” approach: A 4 mL vial was charged with Ru-3 (175 mg, 0.217

mmol, 1 equiv), 3-fluoropyridinium nitrate (34.7 mg, 0.217 mmol, 1 equiv), and THF (3 mL) in a
N2 glovebox and stir at room temperature for 15 minutes. A crude *H NMR spectrum was recorded,
showing a 91% NMR yield of the desired Ru-4 (Figure B2, see below). The THF solution was then
transferred to a 20 mL vial pre-charged with 5 mL of HMDSO, which was then concentrated in
vacuo. The residue was triturated with pentane (1 mL) and concentrated again in vacuo. The residue
was transferred onto a short Celite column and flushed with HMDSO (0.5 mL % 2) and pentane (1
mL =3) to remove the impurity and then benzene (3~4 mL) to obtain the product as a purple solution.

Removal of the solvent furnished Ru-4 as a purple solid (137 mg, 83% yield).
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Figure B2. The crude 1H NMR spectrum for the preparation of Ru-4 using a “base-acid quenching”

approach.
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Characterization data of Ru-4: *H NMR (400 MHz, CsDs) 6 15.06 (s, 1H), 7.54 (dd, J = 7.5,
1.6 Hz, 1H), 7.20 (t, J = 7.7 Hz, 1H), 7.09 — 6.94 (m, 5H), 6.94 — 6.86 (M, 2H), 6.84 (td, J = 7.4, 1.0
Hz, 1H), 6.81 — 6.74 (m, 1H), 6.42 (dt, J = 8.3, 1.0 Hz, 1H), 4.17 (s, 1H), 3.87 (ddd, J = 11.7, 10.2,
9.3 Hz, 1H), 3.68 (td, J = 10.6, 6.4 Hz, 1H), 3.43 (dt, J = 10.8, 9.5 Hz, 1H), 3.32 — 3.16 (m, 2H),
2.60 (d, J = 3.9 Hz, 1H), 2.50 — 2.41 (m, 1H), 2.21 (dqd, J = 13.5, 7.5, 2.3 Hz, 1H), 2.15 — 2.02 (m,
2H), 1.97 — 1.74 (m, 5H), 1.73 — 1.37 (m, 9H), 1.27 (d, J = 12.2 Hz, 1H), 1.22 (t, J = 7.3 Hz, 3H),
1.16 (d, J = 11.4 Hz, 1H), 1.03 (t, J = 7.4 Hz, 3H), 0.83 — 0.67 (m, 7H). 13C NMR (101 MHz, CsD¢)
0 263.1, 212.8, 157.5, 154.1, 146.4, 145.5, 142.4, 137.9, 130.3, 128.7, 128.6, 126.6, 126.5, 125.9,
125.0,124.6, 122.6,122.2,115.1,67.3,63.1, 54.7,43.5, 42.6, 42.5, 41.6, 40.5, 38.1, 37.9, 37.1, 33.4,
30.9,30.0, 28.9, 28.8, 28.1, 27.9, 14.3, 13.2, 12.6, 11.9. HRMS: calcd. 764.3002 [M+H-H2]" Found:
764.3014.

Preparation of 3-fluoropyridinium nitrate (Al): To a 20 mL vial charged with 3-
fluoropyridine (10 mmol, 970 mg, 1 equiv.) was added HNOs (70% w/w, 10 mmol, 900 mg, 1 equiv.,
dropwise over 5 minutes) at -20 <C. The reaction mixture was then allowed to warm to room
temperature and stir for 10 minutes. The precipitate was collected by filtration and washed by a small
amount of acetone and diethyl ether, giving the pyridinium salt A1 as a white crystalline white solid
(1.5 g, 94% yield). 'H NMR (400 MHz, DMSO-ds) & 8.91 (t, J = 2.4 Hz, 1H), 8.67 (d, J = 5.2 Hz,
1H), 8.20 (td, J = 8.7, 2.9 Hz, 1H), 7.85 (dt, J = 9.7, 5.2 Hz, 1H), 5.48 (s, 1H). 3C NMR (101 MHz,
DMSO-ds) & 159.70 (d, J = 252.7 Hz), 142.72 (d, J = 4.0 Hz), 135.01 (d, J = 29.2 Hz), 128.96 (d, J

=18.1 Hz), 127.40 (d, J = 5.9 Hz).
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An example of the classic approach: A 4 mL vial was charged with Ru-5 (as a 1:1 HOPiv adduct,

29 mg, 0.03 mmol, 1 equiv), NHsNOs (48 mg, 0.6 mmol, 20 equiv) and THF (0.65 mL) in a N2

glovebox. After stirring at room temperature for 48 hours, the reaction mixture reached a high

conversion, and a crude *H NMR spectrum was recorded, indicating a 40% NMR yield of the desired

Ru-6 and the generation of a significant amount of unidentifiable side products (Figure S3, see

below). Note that elongating the reaction time led to lower NMR vyields of the desired Ru-6. As Ru-

6 is unstable against silica gel or aluminum oxide, purification was carried out mainly using filtration,

wash, and/or recrystallization approaches. However, despite extensive trials, the complete

purification of Ru-6 is hard to realize in our hands and the best purity we could get is less than 90%.
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Figure B3. The crude *H NMR spectrum for the preparation of Ru-6 using a classic approach.
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The “base-acid quenching” approach: A 4 mL vial was charged with Ru-5 (as a 1:1 HOPiv
adduct, 96 mg, 0.1 mmol, 1 equiv), 3-fluoropyridinium nitrate (16 mg, 0.1 mmol, 1 equiv) and THF
(1.5 mL) in a N2 glovebox and stir at room temperature for 15 minutes. A crude *H NMR spectrum
was recorded, showing a 94% NMR yield of the desired Ru-6 (Figure B4, see below). The THF
solution was then transferred to a 20 mL vial pre-charged with 4 mL of HMDSO, which was then
concentrated in vacuo. The residue was triturated with pentane (1 mL) and concentrated again in
vacuo. The residue was transferred onto a short Celite column and flushed with HMDSO (0.25 mL
x2) and pentane (0.5 mL %4) to remove the impurity and then benzene (1 mL) to obtain the product

as a purple solution. Removal of the solvent furnished Ru-6 as a purple solid (70 mg, 85% yield).
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Figure B4. The crude *H NMR spectrum for the preparation of Ru-6 using a “base-acid

quenching” approach.
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Characterization data of Ru-6:
IH NMR (400 MHz, CsD¢) 5 14.98 (s, 1H), 7.49 (dd, J = 7.6, 1.6 Hz, 1H), 7.22 (t, J = 7.7 Hz,
1H), 7.11 - 6.96 (m, 5H), 6.86 (dtd, J = 15.8, 7.6, 0.9 Hz, 3H), 6.80 — 6.73 (m, 1H), 6.44 (d, J = 8.3
Hz, 1H), 4.21 (s, 1H), 3.97 — 3.83 (m, 1H), 3.76 (td, J = 10.6, 6.4 Hz, 1H), 3.57 — 3.39 (m, 2H), 3.29
(ddd, J=11.7, 9.6, 6.4 Hz, 1H), 2.70 — 2.52 (m, 2H), 2.20 — 1.96 (m, 4H), 1.92 (d, J = 10.7 Hz, 1H),
1.88—1.78 (m, 2H), 1.72 (s, 1H), 1.70 — 1.35 (m, 13H), 1.32 —1.14 (m, 9H), 0.91 (t, J = 7.2 Hz, 3H),
0.81 (t, J = 7.3 Hz, 3H), 0.76 (d, J = 12.1 Hz, 1H), 0.61 (t, J = 6.7 Hz, 3H). 1*C NMR (101 MHz,
CeDs) 6 262.5, 213.0, 157.6, 154.1, 146.9, 146.1, 142.4, 137.4, 130.3, 128.8, 128.6, 126.7, 126.4,
125.8, 125.0, 124.8, 122.5, 122.2, 115.1, 66.9, 63.2, 54.7, 43.5, 41.5, 40.7, 40.2, 39.6, 39.3, 39.0,
38.7, 38.2, 38.1, 38.0, 36.9, 334, 31.0, 30.0, 22.6, 21.8, 21.6, 21.4, 15.1, 15.0, 15.0, 14.6. HRMS:

calcd. 820.3628 [M+H-H:]* Found: 820.3615.

2.6.3 Catalyst screening
2.6.3.1 Catalyst screening with acrylates

1.2 mol% [Ru] R CO,Cy
X COCy  + R e N—=/
0.5 M THF, rt
1a R = C10H21, 2a 3a

(200 mol%)
e 78% (77%)

ZIE > 20:1
y %

b 51%
34% 34% 30%
19% '

Ru1 Ru2 Ru7 Ru8 ! Ru4 Ru4" ! Rub
entry 1 entry2 entry3 entry4 ' entry5 entry6 |entry7

*1.6 equiv 2a, 2.5 mol% cat.
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General procedure for entries 1-5 and 7:

A 4 mL vial was charged with a stir bar, 1a (0.25 mmol, 1 equiv, 38.5 mg), 2a (0.5 mmol, 2
equiv, 84 mg), and anthracene (as the internal standard) in a nitrogen glovebox. To this was added
a stock solution of the ruthenium catalyst (0.003 mmol, 0.012 equiv) in ds-THF (0.5 mL). The vial
was loosely capped with a screw thread hole cap, and a 20-gauge needle was used to puncture the
cap and left on. The reaction mixture was allowed to stir at room temperature in the glovebox for
12-48 hours until its color changed from purple to bright yellow (which indicates the complete
consumption of the catalyst). The reaction can also be monitored by 'H NMR to determine the
quantity of the remaining ruthenium catalyst. Upon full consumption of the catalyst, the reaction was
transferred to an NMR tube and removed from the glovebox. The yields and the Z/E ratio of the
metathesis products were further determined by the *H NMR analysis of the crude reaction mixture.
Note 1: After 24 hours of reaction, a small amount of dg-THF (0.1-0.2 mL) was added to compensate
for the loss of the solvent (due to slow evaporation) if the reaction did not reach full catalyst
consumption.

Note 2: A photo for the reaction setup can be found in the supporting information of a previous

publication (J. Am. Chem. Soc. 2020, 142, 20987-20993, Figure B1).

Experiment procedure for entry 6:

A 4 mL vial was charged with a stir bar, 1a (0.15 mmol, 1 equiv, 23.1 mg), 2a (0.24 mmol,
1.6 equiv, 40.3 mg) and anthracene (as the internal standard) in a nitrogen glovebox. To this was
added a stock solution of Ru-4 (2.9 mg, 0.00375 mmol, 0.025 equiv) in THF (0.4 mL). The vial was

loosely capped with a screw thread hole cap, and a 20-gauge needle was used to puncture the cap
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and left on. The reaction mixture was allowed to stir at room temperature in the glovebox for 30
hours until its color changed from purple to bright yellow (which indicates the complete consumption
of the catalyst). According to the *H NMR analysis of the crude reaction mixture, the NMR vyield is
78% and the crude Z:E ratio is larger than 20:1.

The reaction was further purified by flash column chromatography over silica gel, furnishing
pure Z-product 3a in 77% isolated yield as a colorless oil (33.8 mg). Chromatography condition:
hexane/acetone, 100:1. *H NMR (400 MHz, CDCls3) § 6.19 (dt, J = 11.5, 7.5 Hz, 1H), 5.73 (dt, J =
11.5, 1.7 Hz, 1H), 4.89 — 4.73 (m, 1H), 2.63 (qd, J = 7.5, 1.7 Hz, 2H), 1.94 — 1.81 (m, 2H), 1.78 —
1.68 (m, 2H), 1.62 — 1.19 (m, 22H), 0.88 (t, J = 6.8 Hz, 3H). 3C NMR (101 MHz, CDCl3) 5 166.2,
150.2, 120.3, 72.2, 32.1, 31.9, 29.7, 29.7, 29.6, 29.5, 29.5, 29.2, 29.2, 25.6, 24.0, 22.8, 14.3. IR:
2928.4, 2856.6, 1716.9, 1641.2, 1451.0, 1414.1, 1179.1, 1121.6 cm™. HRMS: Chemical formula

(IM]): C1oH3402, calcd. [M+H]* 295.2637 Found: 295.2618.

2.6.3.2 Catalyst screening with allyl alcohols
1.0 mol% [Ru] R\=/—OH

\/R + \/\OH >
THF, rt
4a
R = CqoHy, 2a
1ot721 (500 mol%) 5
. e 60% (60%)
y % 2IE > 20:1

E 36%
30%

Ru 2 Ru 4 E Ru6 Rué6’
entry 8 entry 9 , entry 10 entry 11 '

"4.0 equiv 2a, 2.5 mol% cat.
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General procedure for entries 8-10:

A 4 mL vial was charged with a stir bar, 2a (0.2 mmol, 1 equiv, 33.6 mg), 4a (1 mmol, 5
equiv, 58 mg), and anthracene (as the internal standard) in a nitrogen glovebox. To this was added a
stock solution of the ruthenium catalyst (0.002 mmol, 0.01 equiv) in THF (0.6 mL). The vial was
loosely capped with a screw thread hole cap, and a 20-gauge needle was used to puncture the cap
and left on. The reaction mixture was allowed to stir at room temperature in the glovebox for 24-48
hours until its color changed from purple to bright yellow (which indicates the complete consumption
of the catalyst). An aliquot of the reaction was then diluted with CDCI3 and transferred to an NMR
tube. The yields and the Z/E ratio of the metathesis products were further determined by 1H NMR
analysis of the crude reaction mixture.

Note 1. After 24 hours of reaction, a small amount of THF (0.1-0.2 mL) was added to
compensate for the loss of the solvent (due to slow evaporation) if the reaction did not reach full
catalyst consumption.

Experiment procedure for entry 11:

A 4 mL vial was charged with a stir bar, 2a (0.15 mmol, 1 equiv, 25.2 mg), 4a (0.6 mmol, 4
equiv, 35 mg) and anthracene (as the internal standard) in a nitrogen glovebox. To this was added
a stock solution of Ru-6 (3.1 mg, 0.00375 mmol, 0.025 equiv) in THF (0.5 mL). The vial was loosely
capped with a screw thread hole cap, and a 20-gauge needle was used to puncture the cap and left
on. The reaction mixture was allowed to stir at room temperature in the glovebox for 20 hours until

its color changed from purple to bright yellow (which indicates the complete consumption of the
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catalyst). According to the *H NMR analysis of the crude reaction mixture, the NMR yield is 60%,
and the crude Z:E ratio is larger than 20:1.

The reaction was further purified by flash column chromatography over silica gel, furnishing
pure Z-product 5a in 60% isolated yield as a colorless oil (17.8 mg). Rt = 0.29 (hexane/diethyl ether
= 7:3). Chromatography condition: hexane/diethyl ether, 5:1. *H NMR (400 MHz, CDCls) § 5.63 —
5.48 (m, 2H), 4.19 (d, J = 6.1 Hz, 2H), 2.06 (q, J = 7.0 Hz, 2H), 1.41 (s, 1H), 1.39 — 1.18 (m, 16H),
0.87 (t, J = 6.8 Hz, 3H). 13C NMR (101 MHz, CDCls) § 133.5, 128.4, 58.8, 32.0, 29.8, 29.6, 29.5,
29.4,27.6, 22.8, 14.3. IR: 3326.4, 3011.9, 2920.6, 2852.7, 1658.7, 1470.4, 1377.2, 1280.1, 1264.6,
1115.1 cm™. HRMS: Chemical formula ([M]): CisH26O, calcd. [M+H-Hz]* 197.1905 Found:

197.1903.
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"Pr

"Pr
~5
"Pr np

R =/Pr R =/Pr R=Ph R =Ph R=Ph R =Ph
Ru1 Ru 2 Ru7 Ru 8 Ru 4 Ru 6
1.2 mol% [Ru] R CO,Cy
X C0Ly  + R —_
0.5 M THF, rt
1a R =CyoHyq, 2a 3a
(200 mol%)
Entry Yield of 3a when Z/E Z/E?
in ratio was measured
Catalyst
Scheme
2B
19% (full catalyst 13:1
1 Ru-1
consumption)
25% 21:1
2 Ru-2 34% (full catalyst 19:1
consumption)
34% (full catalyst 21:1
3 Ru-7
consumption)
25% 16:1
4 Ru-8 30% (full catalyst 14.5:1
consumption)
5 Ru-4 36% >40:1
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50% 36:1
65% (full catalyst 31:1
consumption)
7 Ru-6 51% 30:1
1.0 mol% [Ru] R OH
\/ + \/\OH - > \=/_
0.33 M THF, rt
2a 5a
(500 mol%)
Entry Yield of 3a when Z/E ZIE?
in ratio was measured
Catalyst
Scheme
2B
11% (full catalyst >20:1
8 Ru-2
consumption)
30% (full catalyst
9 Ru-4 >20:1
consumption)
36% (full catalyst >20:1
10 Ru-6
consumption)

37/E ratio was determined based on *H NMR analysis of the crude reaction mixture.
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2.6.4 Substrate scope study
2.6.4.1 Substrate synthesis

Most of the substrates in this study were commercially available. 2h®, 2r° and 2t were
synthesized according to the literature procedure (5, T. Poll, G. Helmchen, B. Bauer, Tetrahedron

Letters 1984, 25, 2191-2194) 2q was synthesized according to the following procedure (vide infra).

7z
/]/f i )IO\
o~ 0 O
Me.S/O\/\M OW)LO/\Me O Me

)
7\
oo Me/kaOMe j Me N
HNL MO
Cbz

2h 2q 2r 2t

z
OH © NEt;, DMAP
0™ o

Clw _O DCM, 0°C tort
Me OMe +
™ Me OMe

HNJ
Cbz HN_
2q Cbz

2q: A 40 mL vial was charged with N-carbobenzyloxy-L-threonine methyl ester (2.14 g, 8
mmol, 1 equiv), NEts (2.2 mL, 16 mmol, 2.0 equiv), DMAP (48.8 mg, 0.4 mmol, 0.05 equiv), DCM
(30 mL) and a stir bar. The vial was placed into an ice bath. Acryloyl chloride (0.643 mL, 8 mmol,
1 equiv) was added dropwise with stirring. The reaction was then stirred for 2 hours at room
temperature. Upon full conversion, the reaction mixture was filtered, rinsed with DCM (50 mL), and
the filtrate was concentrated under reduced pressure. The residue was further purified by column
chromatography over silica gel (hexane/ethyl acetate = 4:1) to give 2q as a colorless oil (900 mg,
35% yield). 'H NMR (400 MHz, CDCls) § 7.47 —7.30 (m, 5H), 6.37 (dd, J = 17.3, 1.4 Hz, 1H), 6.04
(dd, J = 17.3, 10.4 Hz, 1H), 5.83 (dd, J = 10.4, 1.4 Hz, 1H), 5.53 — 5.37 (m, 2H), 5.14 (d, J = 3.0 Hz,

2H), 4.54 (dd, J = 9.7, 2.7 Hz, 1H), 3.73 (s, 3H), 1.35 (d, J = 6.4 Hz, 3H). °C NMR (101 MHz,
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CDCls) 6 170.4, 164.9, 156.6, 136.1, 131.8, 128.7, 128.5, 128.3, 127.9, 70.8, 67.5, 57.7, 52.9, 17.1.
IR: 2957.8, 2928.2, 2860.9, 1729.7, 1692.0, 1640.9, 1441.6, 1258.4, 1239.6, 1064.5 cm™. HRMS:

Chemical formula ([M]): C16H1gNOs, calcd. [M+H]* 322.1291 Found: 322.1288.\
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2.6.4.2 General procedure
General Procedure A for Z-selective metathesis with acrylates:

(0] - *U\OD/’:_I‘O 0o R2
R1O)J\/ + \/R2 - O, - R'low
Ru-4
3 mol%
100 mol% 160 mol%
(unless volatile or THF, 25 °C

otherwise noted)

A 4 mL vial was charged with a stir bar, an acrylate substrate (0.15 mmol, 1 equiv), and an
olefin substrate (0.24 mmol, 1.6 equiv) in a nitrogen glovebox. To this was added a stock solution
of Ru-4 (3.4 mg, 0.0045 mmol, 0.03 equiv) in THF (0.6 mL). The vial was loosely capped with a
screw thread hole cap, and a 20-gauge needle was used to puncture the cap and left on (see Figure
S1linJ. Am. Chem. Soc. 2020, 142, 20987-20993). The reaction mixture was allowed to stir at room
temperature in the glovebox for 2448 hours until its color changed from purple to bright yellow
(which indicates the complete consumption of the catalyst). Note that after 24 hours of reaction, a
small amount of THF (0.2 — 0.3 mL) was usually added to the mixture to compensate for the loss of
the solvent (due to slow evaporation) if the reaction did not reach full catalyst consumption. The
reaction was then removed from the glovebox, concentrated, and further purified by flash column
chromatography over silica. The reported yield was the isolated yield of the Z-metathesis product.
Unless otherwise noted, the Z/E ratio of the metathesis product was determined by *H NMR analysis

of the crude reaction mixture using CDCIz or CD2Cl, as the NMR solvent.
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General Procedure B for Z-selective metathesis with allyl alcohols:

n
P
Pr r

N N

: 4\ ’N ° R
+ — H
\/\OH Ru6 ‘\/\OH

2.5 mol%

THF, 25 °C

Unless otherwise noted, a 4 mL vial was charged with a stir bar, a regular olefin substrate
(0.15 mmol, 1 equiv), and an allyl alcohol substrate (0.6 mmol, 4 equiv) in a nitrogen glovebox. To
this was added a stock solution of Ru-6 (3.1 mg, 0.00375 mmol, 0.025 equiv) in THF (0.5 mL). The
vial was loosely capped with a screw thread hole cap, and a 20-gauge needle was used to puncture
the cap and left on (see Figure S1 in J. Am. Chem. Soc. 2020, 142, 20987-20993). The reaction
mixture was allowed to stir at room temperature in the glovebox for 24 hours until its color changed
from purple to bright yellow (which indicates the complete consumption of the catalyst). The
reaction was then removed from the glovebox, concentrated, and further purified by flash column
chromatography over silica. The reported yield was the isolated yield of the Z-metathesis product,
and the reported Z/E ratio was determined by *H NMR analysis of the crude reaction mixture using

CDCl3 or CD,Cl;as the NMR solvent.
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2.6.4.3 Product characterization

(0]
Cy\o S

Br
3b

3b: Colorless oil (46.3 mg, 86% vyield). Reaction time = 48 hours. Z:E ratio > 20:1
(determined by *H NMR analysis of the crude reaction mixture). Rs = 0.36 (hexane/acetone = 100:3).
Chromatography condition: hexane/acetone, 200:1. *H NMR (400 MHz, CDCl3) § 6.18 (dt, J = 11.5,
7.5 Hz, 1H), 5.73 (dt, J = 11.5, 1.7 Hz, 1H), 4.88 — 4.72 (m, 1H), 3.39 (t, J = 6.8 Hz, 2H), 2.62 (qd,
J=175,1.7 Hz, 2H), 1.92 — 1.79 (m, 4H), 1.77 — 1.66 (m, 2H), 1.60 — 1.49 (m, 1H), 1.46 — 1.25 (m,
17H). ¥C NMR (101 MHz, CDCls) § 166.2, 150.1, 120.4, 72.2, 34.2, 32.9, 31.9, 29.5, 29.4, 29.4,
29.2,29.1,28.8, 28.3, 25.6, 23.9. IR: 2926.5, 2852.7, 1722.8, 1643.2, 1456.8, 1416.0, 1157.8,1120.9

cm™. HRMS: Chemical formula ([M]): C1sH3102Br, calcd. [M+H]* 359.1586 Found: 359.1581.

OH
0
Cy< o =

3c

3c: Following a modified General Procedure A, the reaction was conducted using 2.0
equivalent (instead of 1.6 equiv.) of 4-penten-1-ol (b.p. = 134 °C, 25.8 mg). The titled compound
was isolated as a colorless oil (24.4 mg, 77% vyield). Reaction time = 48 hours. Z:E ratio > 20:1
(determined by *H NMR analysis of the crude reaction mixture). R = 0.25 (hexane/ethyl acetate =
3:1). Chromatography condition: hexane/ethyl acetate, 6:1. *H NMR (400 MHz, CDCls) § 6.18 (dt,
J=11.4,8.2 Hz, 1H), 5.83 (dd, J = 11.5, 1.7 Hz, 1H), 4.98 — 4.68 (m, 1H), 3.60 (t, J = 5.9 Hz, 2H),

2.71 (qd, J = 7.3, 6.9 Hz, 2H), 2.65 — 2.59 (s, 1H), 1.94 — 1.83 (M, 2H), 1.77 — 1.64 (m, 4H), 1.60 —
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1.50 (m, 1H), 1.49 — 1.19 (m, 5H). 23C NMR (101 MHz, CDCls) & 166.8, 148.7, 121.5, 72.8, 61.0,
31.8, 31.1, 25.5, 25.0, 23.9. IR: 3485.6, 2922.6, 2854.6, 1716.9, 1641.2, 1454.8, 1412.1, 1173.3,

1130.6 cm™. HRMS: Chemical formula ([M]): C12H2003, calcd. [M+H]* 213.1491 Found: 213.1488.

Cy< %
3d

3d: Following a modified General Procedure A, the reaction was conducted using 2.0
equivalent (instead of 1.6 equiv.) of allylcyclohexane (b.p. = 150 °C, 37.3 mg). The titled compound
was isolated as a colorless oil (29.9 mg, 80% vyield). Reaction time = 48 hours. Z:E ratio > 20:1
(determined by *H NMR analysis of the crude reaction mixture). Rs=0.12 (hexane/acetone = 100:1).
Chromatography condition: hexane/acetone, 200:1. *H NMR (400 MHz, CDCl3) § 6.22 (dt, J = 11.6,
7.7 Hz, 1H), 5.77 (dt, J = 11.6, 1.7 Hz, 1H), 4.85 — 4.74 (m, 1H), 2.55 (td, J = 7.3, 1.7 Hz, 2H), 1.93
—1.83 (m, 2H), 1.79—-0.89 (m, 19H). 3C NMR (101 MHz, CDCl3) § 166.3, 149.0, 120.9, 72.2, 38.3,
36.7, 33.2, 31.9, 26.6, 26.4, 25.6, 24.0. IR: 2924.5, 2852.7, 1715.0, 1643.2, 1447.1, 1414.1, 1175.2

cm™®. HRMS: Chemical formula ([M]): C1H2s02, calcd. [M+H]* 251.2011 Found: 251.2039.

3e: Colorless oil (33.1 mg, 76% Yyield). Reaction time = 72 hours. Z:E ratio > 20:1

(determined by 'H NMR analysis of the crude reaction mixture). Rt = 0.19 (hexane/ethyl acetate =



114
10:1). Chromatography condition: hexane/ethyl acetate, 20:1. *H NMR (400 MHz, CD,Cl,) § 6.80
(d, J = 8.0 Hz, 1H), 6.77 (d, J = 1.9 Hz, 1H), 6.73 — 6.69 (m, 1H), 6.30 (dt, J = 11.4, 7.6 Hz, 1H),
5.80 (dt, J = 11.4, 1.8 Hz, 1H), 5.56 (br, 1H), 4.89 — 4.78 (m, 1H), 3.91 (dd, J = 7.6, 1.8 Hz, 2H),
3.86 (s, 3H), 1.96 — 1.82 (m, 2H), 1.80 — 1.68 (m, 2H), 1.64 — 1.21 (m, 6H). 3C NMR (101 MHz,
CD.ClL) 6 166.1, 147.9, 147.1, 144.5, 131.9, 121.5, 120.6, 114.5, 111.7, 72.7, 56.3, 35.1, 32.1, 25.8,
24.2. IR: 2922.6, 2856.6, 1716.9, 1647.0, 1515.0, 1458.7, 1417.9, 1177.2 cm™. HRMS: Chemical

formula ([M]): C17H2204, calcd. [M+H]" 291.1596 Found: 291.1585.

C (@]
y\
04<_§:>

3f: Following a modified General Procedure A, the reaction was conducted using 2.0
equivalent (instead of 1.6 equiv.) of vinylcyclohexane (b.p. = 128 °C, 33.1 mg). The titled compound
was isolated as a colorless oil (13.3 mg, 39% vyield). Reaction time = 72 hours. Z:E ratio > 20:1
(determined by *H NMR analysis of the crude reaction mixture). R = 0.47 (hexane/acetone = 100:3).
Chromatography condition: hexane/acetone, 200:1. *H NMR (400 MHz, CDCl3) § 5.99 (dd, J = 11.5,
9.7 Hz, 1H), 5.63 (dd, J = 11.6, 1.1 Hz, 1H), 4.87 — 4.72 (m, 1H), 3.38 — 3.16 (m, 1H), 1.93 — 1.80
(m, 2H), 1.78 — 1.61 (m, 7H), 1.57 — 1.00 (m, 11H). 3C NMR (101 MHz, CDCl3) & 166.3, 149.0,
120.9,72.2,38.3,36.7,33.2, 31.9, 26.6, 26.4, 25.6, 24.0. IR: 2926.5, 2856.6, 1715.0, 1641.2, 1452.9,
1414.1, 1361.6, 1262.6, 1173.3, 1122.8 cm™. HRMS: Chemical formula ([M]): C1sH2402, calcd.

[M+H]" 237.1855 Found: 237.1841.
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3g

39: Colorless oil (31.4 mg, 75% vyield). Reaction time = 48 hours. Z:E ratio > 20:1
(determined by 'H NMR analysis of the crude reaction mixture). R = 0.30 (hexane/ethyl acetate =
15:1). Chromatography condition: hexane/ethyl acetate, 30:1. *H NMR (400 MHz, CDCls) § 6.18
(dt, J = 11.5, 7.5 Hz, 1H), 5.74 (dt, J = 11.6, 1.7 Hz, 1H), 4.83 — 4.75 (m, 1H), 2.94 — 2.85 (m, 1H),
2.74 (dd, J = 5.0, 3.9 Hz, 1H), 2.63 (qd, J = 7.4, 1.7 Hz, 2H), 2.45 (dd, J = 5.1, 2.7 Hz, 1H), 1.92 —
1.80 (m, 2H), 1.80 — 1.67 (m, 2H), 1.61 — 1.19 (m, 16H). 3C NMR (101 MHz, CDCls) & 166.2,
150.0, 120.5, 72.2, 52.5, 47.3, 32.6, 31.9, 29.4, 29.3, 29.1, 29.1, 26.0, 25.6, 24.0. IR: 2924.5, 2854.6,
1715.0, 1641.2, 1451.0, 1414.1, 1175.2 cm™. HRMS: Chemical formula ([M]): Ci7H2s0s, calcd.

[M+H]* 281.2117 Found: 281.2129.

3h: Colorless oil (39.1 mg, 86% vyield). Reaction time = 48 hours. Z:E ratio > 20:1
(determined by *H NMR analysis of the crude reaction mixture). R = 0.24 (hexane/ethyl acetate =
30:1). Chromatography condition: hexane/ethyl acetate, 60:1. *H NMR (400 MHz, CDCl3) § 6.15
(dt, J = 11.5, 7.6 Hz, 1H), 5.77 (dt, J = 11.5, 1.6 Hz, 1H), 4.87 — 4.68 (m, 1H), 4.23 (t, J = 6.4 Hz,
2H), 2.99 (s, 3H), 2.68 (qd, J = 7.6, 1.7 Hz, 2H), 1.94 — 1.67 (m, 6H), 1.62 — 1.21 (m, 8H). *C NMR

(101 MHz, CDCls) 6 165.9, 148.6, 121.2, 72.4, 69.9, 37.4, 31.8, 28.7, 28.2, 25.5, 24.9, 23.9. IR:
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2922.6, 2854.6, 1711.1, 1641.2, 1452.9, 1414.1, 1359.7, 1171.4, 1120.9 cm™. HRMS: Chemical

formula ([M]): C14H240sS, caled. [M+H]* 305.1423 Found: 305.1407.

3i
CHO

3i: Colorless oil (28.3 mg, 64% yield). The analysis of the *H NMR spectrum of the crude
reaction mixture indicates a crude NMR vyield of 86%, however, 3i appears to undergo partial
oxidization during purification. Thus, proper precaution needs to be taken when handling this
chemical. Reaction time = 48 hours. Z:E ratio > 20:1 (determined by *H NMR analysis of the crude
reaction mixture). Rs = 0.09 (hexane/ethyl acetate = 30:1). Chromatography condition: hexane/ethyl
acetate, 30:1. *H NMR (400 MHz, CDCl3) § 9.75 (t, = 1.8 Hz, 1H), 6.17 (dt, J = 11.5, 7.6 Hz, 1H),
5.73 (dt, J = 11.5, 1.7 Hz, 1H), 4.95 — 4.65 (m, 1H), 2.62 (qd, J = 7.5, 1.7 Hz, 2H), 2.40 (td, J = 7.4,
1.9 Hz, 2H), 1.96 — 1.79 (m, 2H), 1.78 — 1.66 (m, 2H), 1.66 — 1.16 (m, 18H). 3C NMR (101 MHz,
CDCl3) 6 203.1, 166.2, 150.1, 120.4, 72.2, 44.0, 31.9, 29.4, 29.3, 29.3, 29.2, 29.1, 29.1, 25.6, 23.9,
22.2. IR: 2933.6, 2858.2, 2723.5, 1721.6, 1643.6, 1278.0, 1261.1, 1185.7 cm™. HRMS: Chemical

formula ([M]): C1gHz300s3, calcd. [M+H]" 295.2273 Found: 295.2262.

M\/ :
t
B
! ~o = 3j
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3J: Colorless oil (27.6 mg, 62% yield). Reaction time = 48 hours. Z:E ratio > 20:1
(determined by 'H NMR analysis of the crude reaction mixture). R = 0.15 (hexane/diethyl ether =
10:1). Chromatography condition: hexane/diethyl ether, 10:1. *H NMR (400 MHz, CD,Cly) & 6.11
(dt, J=11.5, 7.5 Hz, 1H), 5.64 (dt, J = 11.6, 1.8 Hz, 1H), 2.57 (qd, J = 7.5, 1.8 Hz, 2H), 1.53 — 1.48
(m, 2H), 1.46 (s, 9H), 1.21 (s, 12H), 0.77 (t, = 7.9 Hz, 2H). 13C NMR (101 MHz, CD,Cl,) & 166.1,
149.0, 121.9, 83.2, 80.1, 31.6, 28.3, 25.0, 24.0. IR: 2979.4, 2933.6, 2866.3, 1716.3, 1643.6, 1368.8,
1277.3, 1142.6 cm™. HRMS: Chemical formula ([M]): C16H20BO4, calcd. [M+H]* 297.2237 Found:

297.2218.

3k: Following a modified General Procedure A, the reaction was conducted using 0.02
equivalent (instead of 0.03 equiv.) of Ru-4 (2.3 mg). The titled compound was isolated as a colorless
oil (35.1 mg, 84% vyield). Reaction time = 48 hours. Z:E ratio > 20:1 (determined by 'H NMR
analysis of the crude reaction mixture). Rf = 0.25 (hexane/ethyl acetate = 3:1). Chromatography
condition: hexane/ethyl acetate, 6:1. *H NMR (400 MHz, CDCls) § 6.07 (dt, J = 11.5, 7.5 Hz, 1H),
5.71 (dt, J = 11.5, 1.7 Hz, 1H), 4.24 (t, J = 6.4 Hz, 2H), 3.00 (s, 3H), 2.66 (qd, J = 7.5, 1.7 Hz, 2H),
1.84—1.73 (m, 2H), 1.62 — 1.50 (m, 2H), 1.47 (s, 9H). 3C NMR (101 MHz, CDCls) & 166.0, 147.6,
122.4, 80.3, 69.9, 37.4, 28.7, 28.3, 28.0, 25.0. IR: 2982.1, 2936.3, 2863.6, 1713.6, 1638.2, 1352.7,
1145.3 cm™. HRMS: Chemical formula ([M]): C12H20sS, calcd. [M+H]" 279.1266 Found:

279.1282.
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m
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Me 3l

3l: Following a modified General Procedure A, the reaction was conducted using 2.0
equivalent (instead of 1.6 equiv.) of 1-dodecene (50.4 mg) and 0.04 equivalent (instead of 0.03 equiv.)
of Ru-4 (4.6 mg). The titled compound was isolated as a colorless oil (37.5 mg, 77% yield). Reaction
time = 48 hours. Z:E ratio > 20:1 (determined by *H NMR analysis of the crude reaction mixture).
Rt = 0.19 (hexane/acetone = 100:1). Chromatography condition: hexane/acetone, 200:1. *H NMR
(400 MHz, CDCls) § 6.20 (dt, J = 11.5, 7.5 Hz, 1H), 5.76 (dt, J = 11.5, 1.7 Hz, 1H), 4.13 — 3.96 (m,
2H), 2.63 (qd, J = 7.5, 1.7 Hz, 2H), 1.64 — 1.57 (m, 1H), 1.46 — 1.24 (m, 24H), 0.90 (dd, J = 8.6, 6.5
Hz, 9H). 3C NMR (101 MHz, CDCls3) § 167.0, 150.5, 119.9, 66.4, 38.9, 32.1, 30.6, 29.9, 29.7, 29.6,
29.5, 295, 29.3, 29.3, 29.1, 24.0, 23.1, 22.8, 14.3, 14.2, 11.2. IR: 2924.5, 2854.6, 1720.8, 1645.1,
1458.7, 1412.1, 1171.4, 1122.8 cm™. HRMS: Chemical formula ([M]): C21H4002, calcd. [M+H]*

325.3107 Found: 325.3123.

m
(6] F nHex

3m

o

3m: Following a modified General Procedure A, the reaction was conducted using 2.0
equivalent (instead of 1.6 equiv.) of 1-dodecene (50.4 mg) and 0.05 equivalent (instead of 0.03 equiv.)
of Ru-4 (5.7 mg). The titled compound was isolated as a colorless oil (34.8 mg, 77% yield). Reaction

time = 48 hours. Z:E ratio > 20:1 (determined by *H NMR analysis of the crude reaction mixture).
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Rr = 0.23 (hexane/ethyl acetate = 30:1). Chromatography condition: hexane/ ethyl acetate, 60:1. *H
NMR (400 MHz, CDCl3) § 7.42 — 7.29 (m, 5H), 6.26 (dt, J = 11.5, 7.5 Hz, 1H), 5.81 (dt, J = 11.5,
1.7 Hz, 1H), 5.16 (s, 2H), 2.66 (qd, J = 7.5, 1.8 Hz, 2H), 1.49 — 1.37 (m, 2H), 1.36 — 1.18 (m, 14H),
0.88 (t, J = 6.7 Hz, 3H). °C NMR (101 MHz, CDCls) § 166.4, 151.6, 136.3, 128.7, 128.3, 128.3,
119.4, 65.8, 32.1, 29.7, 29.7, 29.6, 29.5, 29.5, 29.3, 29.2, 22.8, 14.3. IR: 2922.6, 2854.6, 1720.8,
1641.2, 1454.8, 1412.1, 1173.3, 1124.8 cm™. HRMS: Chemical formula ([M]): C20H3002, calcd.

[M+H]" 303.2324 Found: 303.2340.

3n

3n: Colorless oil (36.9 mg, 69% vyield). Reaction time = 72 hours. Z:E ratio > 20:1
(determined by *H NMR analysis of the crude reaction mixture). Rs = 0.3 (hexane/ethyl acetate =
3:1). Chromatography condition: hexane/ethyl acetate, 6:1. *H NMR (400 MHz, CDCls) § 6.15 (dt,
J=115,7.6 Hz, 1H), 5.77 (dt, J = 11.5, 1.7 Hz, 1H), 4.68 (dd, J = 7.7, 3.6 Hz, 1H), 4.24 (t, J = 6.4
Hz, 2H), 3.00 (s, 3H), 2.70 (qd, J = 7.5, 1.7 Hz, 2H), 1.98 — 1.51 (m, 9H), 1.21 — 1.05 (m, 2H), 0.98
(s, 3H), 0.84 (s, 3H), 0.84 (s, 3H). 3C NMR (101 MHz, CDCl3) & 166.1, 148.7, 121.1, 80.8, 69.9,
48.8,47.1,45.2,39.1,37.5, 34.0, 28.8, 28.2, 27.2, 25.0, 20.3, 20.1, 11.7. IR: 3006.3, 2952.5, 2874 .4,
1713.6, 1643.6, 1352.7, 1172.2, 1056.4 cm™. HRMS: Chemical formula ([M]): C1sH300sS, calcd.
[M+H]" 359.1892 Found: 359.1877. The isolated 3n contains 2~3% inseparable impurity, which is

likely derived from the impurities in the commercial isobornyl acrylate.
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30: Following a modified General Procedure A, the reaction was conducted using 2.0
equivalent (instead of 1.6 equiv.) of 1-dodecene (50.4 mg) and 0.033 equivalent (instead of 0.03
equiv.) of Ru-4 (3.8 mg). The titled compound was isolated as a colorless oil (25.6 mg, 63% yield).
Reaction time = 24 hours. Z:E ratio > 20:1 (determined by *H NMR analysis of the crude reaction
mixture). Rs = 0.18 (hexane/ethyl acetate = 30:1). Chromatography condition: hexane/ethyl acetate,
60:1. 'H NMR (400 MHz, CDCls) & 6.24 (dt, J = 11.5, 7.5 Hz, 1H), 5.80 (dt, J = 11.5, 1.7 Hz, 1H),
4.33 - 4.15 (m, 2H), 3.69 — 3.59 (m, 2H), 3.39 (s, 3H), 2.64 (qd, J = 7.5, 1.7 Hz, 2H), 1.46 — 1.24
(m, 16H), 0.87 (t, J = 6.7 Hz, 3H). 3C NMR (101 MHz, CDCls) § 166.5, 151.6, 119.3, 70.7, 63.0,
59.1, 32.0, 29.7, 29.7, 29.6, 29.5, 29.2, 29.2, 22.8, 14.2. IR: 2922.6, 2854.6, 1720.8, 1643.2, 1456.8,
1417.9, 1175.2, 1126.7 cm™. HRMS: Chemical formula ([M]): C16Hz00s, calcd. [M+H]* 271.2273

Found: 271.2273.

3p: Following a modified General Procedure A, the reaction was conducted using 2.0
equivalent (instead of 1.6 equiv.) of 2h (hex-5-en-1-yl methanesulfonate, 53.5 mg) and 0.04
equivalent (instead of 0.03 equiv.) of Ru-4 (4.6 mg). The titled compound was isolated as a colorless

oil (33.0 mg, 72% vyield). Reaction time = 48 hours. Z:E ratio > 20:1 (determined by 'H NMR
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analysis of the crude reaction mixture). Rf = 0.20 (hexane/diethyl ether = 1:2). Chromatography
condition: hexane/diethyl ether, 1:1. *H NMR (400 MHz, CDCl3) § 6.21 (dt, J = 11.5, 7.6 Hz, 1H),
5.86 (dt, J = 11.4, 1.6 Hz, 1H), 4.24 (t, J = 6.4 Hz, 2H), 4.21 — 4.09 (m, 2H), 4.03 (dd, J = 11.1, 6.6
Hz, 1H), 3.89 (dt, J = 8.4, 6.7 Hz, 1H), 3.80 (ddd, J = 8.3, 7.2, 6.2 Hz, 1H), 3.00 (s, 3H), 2.71 (qd, J
=7.6, 1.7 Hz, 2H), 2.07 — 1.96 (m, 1H), 1.96 — 1.85 (m, 2H), 1.85 — 1.74 (m, 2H), 1.66 — 1.54 (m,
3H). °C NMR (101 MHz, CDCls) & 166.3, 149.8, 120.4, 76.7, 69.8, 68.6, 66.2, 37.5, 28.7, 28.2,
28.2,25.8,24.9. IR: 2925.5, 1719.0, 1643.6, 1417.3, 1355.4, 1169.5, 1088.7 cm™. HRMS: Chemical

formula ([M]): C13H2206S, calcd. [M+H]* 307.1215 Found: 307.1237.

Hf\/\/\/\/vBr
o (0] (0]
MeMOMe 3q
O NH
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3q: Following a modified General Procedure A, the reaction was conducted using 0.05
equivalent (instead of 0.03 equiv.) of Ru-4 (5.7 mg). The titled compound was isolated as a colorless
oil (66.2 mg, 84% vyield). Reaction time = 48 hours. Z:E ratio = 17:1 (determined by 'H NMR
analysis of the crude reaction mixture). Rf = 0.25 (hexane/ethyl acetate = 6:1). Chromatography
condition: hexane/diethyl ether, 6:1. *H NMR (400 MHz, CDCls) § 7.44 — 7.29 (m, 5H), 6.24 (dt, J
=115, 7.5 Hz, 1H), 5.67 (dt, J = 11.5, 1.7 Hz, 1H), 5.54 — 5.35 (m, 2H), 5.14 (d, J = 2.3 Hz, 2H),
451 (dd, J = 9.7, 2.5 Hz, 1H), 3.72 (s, 3H), 3.39 (t, J = 6.9 Hz, 2H), 2.59 (qd, J = 7.4, 1.7 Hz, 2H),

1.90 — 1.78 (m, 2H), 1.46 — 1.36 (m, 4H), 1.35 — 1.24 (m, 11H). *C NMR (101 MHz, CDCls) &
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170.5, 165.0, 156.6, 152.3, 136.2, 128.7, 128.4, 128.3, 118.8, 69.8, 67.5, 57.8, 52.9, 34.2, 32.9, 29.4,
29.4,29.4,29.2,29.0, 28.8, 28.3, 17.3. IR: 3426.5, 2928.2, 2852.8, 1751.3, 1724.3, 1517.0, 1266.5,
11615 cm™. HRMS: Chemical formula ([M]): C2sH3sBrNOQg, calcd. [M+H]* 526.1804 Found:

526.1807.

3r: Following a modified General procedure, the reaction was conducted using 0.05
equivalent (instead of 0.03 equiv.) of Ru-4 (5.7 mg). The titled compound was isolated as a colorless
oil (36.4 mg, 76% yield). Reaction time = 48 hours. Z:E ratio > 20:1 (determined by 'H NMR
analysis of the crude reaction mixture). Rf = 0.14 (hexane/diethyl ether = 1:1). Chromatography
condition: hexane/diethyl ether, 1:1. *H NMR (400 MHz, CDCls) § 6.27 (dt, J = 11.5, 7.6 Hz, 1H),
5.89 (dt, J = 11.5, 1.6 Hz, 1H), 5.08 (g, J = 7.1 Hz, 1H), 4.28 — 4.12 (m, 4H), 3.00 (s, 3H), 2.70 (qd,
J=75,1.7 Hz, 2H), 1.84 — 1.72 (m, 2H), 1.65 — 1.53 (m, 2H), 1.50 (d, J = 7.1 Hz, 3H), 1.27 (t, J =
7.2 Hz, 3H). 3C NMR (101 MHz, CDCl3) § 171.0, 165.5, 150.6, 119.8, 69.8, 68.5, 61.5, 37.4, 28.7,
28.2,24.8,17.1, 14.2. IR: 3009.0, 2990.2, 2939.0, 1748.6, 1716.3, 1648.9, 1360.8, 1274.6, 1166.8

cm®. HRMS: Chemical formula ([M]): C13H2207S, calcd. [M+H]* 323.1164 Found: 323.1168.

3 mol% Ru 4 0 Silica nHex
0 THF, 25 °C RjOTMS gel column
NG — — COOH
N OTMS =
nHex

3s 3t
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3t was prepared following General Procedure A using trimethylsilyl acrylate (21.6 mg, 0.15

mmol, 1 equiv) and 1-dodecene (40.3 mg, 0.24 mmol, 1.6 equiv). Reaction time = 48 hours. The
trimethylsilyl tridec-2-enoate intermediate (3s) was unstable on column. Upon chromatography
purification, 3t was obtained as a yellow oil (20.1 mg, 63% yield). Z:E ratio > 20:1 (determined by
'H NMR analysis of the crude reaction mixture). Rf = 0.32 (hexane/ethyl acetate = 5:1).
Chromatography condition: hexane/ethyl acetate, 10:1. *H NMR (400 MHz, CDCl3) § 11.25 (br,
1H), 6.35 (dt, J = 11.5, 7.5 Hz, 1H), 5.78 (dt, J = 11.6, 1.7 Hz, 1H), 2.66 (qd, J = 7.5, 1.8 Hz, 2H),
1.51 — 1.39 (m, 2H), 1.39 — 1.19 (m, 14H), 0.92 — 0.83 (m, 3H). $3C NMR (101 MHz, CDCls) §
172.2, 153.8, 119.1, 32.1, 29.7, 29.7, 29.6, 29.5, 29.4, 29.4, 29.1, 22.8, 14.3. IR: 3060.2, 2960.5,
2928.2, 2850.1, 1694.7, 1640.8, 1438.9, 1239.6 cm™. HRMS: Chemical formula ([M]): C13H2405,

calcd. [M+H]* 213.1855 Found: 213.1881.

5b

5b: Colorless oil (24.4 mg, 61% yield). Z:E ratio > 20:1 (determined by *H NMR analysis
of the crude reaction mixture). Rs = 0.2 (hexane/diethyl ether = 7:3). Chromatography condition:
hexane/diethyl ether, 5:1. *H NMR (400 MHz, CDCls) § 5.72 — 5.61 (m, 1H), 5.51 — 5.39 (m, 1H),
4.79 (td, J = 10.9, 4.4 Hz, 1H), 4.74 — 4.64 (m, 2H), 4.24 — 4.10 (m, 2H), 2.42 — 2.29 (m, 4H), 2.08
(ddd, J=12.5,10.7, 3.7 Hz, 1H), 2.03— 1.91 (m, 2H), 1.73 — 1.65 (m, 2H), 1.64 (dd, J = 1.4, 0.9 Hz,

3H), 1.60 — 1.46 (m, 1H), 1.43 — 1.30 (m, 1H), 1.07 — 0.85 (m, 5H). 3C NMR (101 MHz, CDCls) §
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172.8, 146.3, 131.0, 129.9, 111.9, 73.9, 58.3, 50.9, 40.6, 34.2, 34.0, 31.5, 30.4, 22.8, 22.1, 19.6. IR:
3389.2, 3072.9, 3007.6, 2950.2, 2926.6, 2869.2, 1728.4, 1647.4, 1451.6, 1380.5, 1275.7, 1257.9,
1170.9, 1129.4 cm™t, HRMS: Chemical formula ([M]): C1sH260s, calcd. [M+H]* 267.1960 Found:

267.1947.

5¢c

5¢: Colorless wax (30.3 mg, 56% yield). Z:E ratio > 20:1 (determined by *H NMR analysis
of the crude reaction mixture). Rt = 0.20 (hexane/diethyl ether = 7:3). Chromatography condition:
hexane/diethyl ether, 5:1. *H NMR (400 MHz, CDCl3) § 7.10 — 6.93 (m, 2H), 6.89 (ddd, J = 8.6, 4.2,
1.9 Hz, 1H), 5.71 — 5.42 (m, 2H), 4.23 — 4.17 (m, 2H), 2.40 (tt, J = 12.2, 3.4 Hz, 1H), 2.09 (dt, J =
8.3, 6.5 Hz, 2H), 1.94 — 1.69 (m, 8H), 1.43 — 1.29 (m, 2H), 1.29 — 0.80 (m, 12H). 3C NMR (101
MHz, CDCls) carbon signals were observed at 6 151.6, 151.4, 149.9, 149.8, 149.1, 149.0, 147.5,
147.4, 145.0, 145.0, 145.0, 144.9, 133.7, 128.2, 122.7, 122.6, 122.6, 122.6, 117.0, 116.8, 115.6,
115.4,58.8,44.0,43.4,42.9,37.6,37.5,37.4,34.7,33.5,30.3, 30.1, 25.1. IR: 3279.8, 3006.1, 2916.8,
2846.9, 1606.3, 1517.0, 1451.0, 1435.4, 1276.2, 1210.2, 1198.6, 1115.1, 1018.0 cm™. HRMS:

Chemical formula ([M]): C23Hz2F20, calcd. [M*] 362.2416 Found: 362.2440.
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/CC\/\/CSHﬂ
HO Me

5d

5d: The reaction was conducted following a modified General Procedure B, in which oct-1-
en-3-ol was used as the limiting reagent (0.15 mmol, 1 equiv, 19.2 mg) and 1-dodecene was added
in excess (1.2 mmol, 8 equiv, 202 mg). 5d was isolated as a colorless oil (27.3 mg, 68% yield). Z:E
ratio > 20:1 (determined by 'H NMR analysis of the crude reaction mixture). Rf = 0.40
(hexane/diethyl ether = 7:3). Chromatography condition: hexane/diethyl ether, 10:1. *H NMR (400
MHz, CDCls) 6 5.48 (dtd, J = 10.9, 7.4, 0.9 Hz, 1H), 5.35 (ddt, J = 10.6, 8.8, 1.5 Hz, 1H), 4.42 (q, J
=75, 7.0 Hz, 1H), 2.15 - 2.01 (m, 2H), 1.61 — 1.51 (m, 1H), 1.44 — 1.23 (m, 24H), 0.92 — 0.84 (m,
6H). 3C NMR (101 MHz, CDCls) § 132.7, 132.5, 67.9, 37.6, 32.1, 32.0, 29.9, 29.8, 29.6, 29.5, 29.4,
27.9,25.2,22.8,22.8,14.3,14.2. IR: 3330.3, 3010.0, 2955.6, 2926.5, 2854.6, 1466.5, 1379.1, 1278.2,
1264.6, 1124.8, 1060.7 cm™. HRMS: Chemical formula ([M]): CisHssO, calcd. [M+H-H:]*

267.2688 Found: 267.2711.

OMe
OH

HO Me

5e
5e: Following a modified General Procedure B, the reaction was conducted at 0.1 mmol

scale, using 0.10 mmol of eugenol (16.4 mg), 8.0 equivalent (instead of 4.0 equiv.) of 3-buten-2-ol

(0.8 mmol, 57.6 mg) and 0.04 equivalent (instead of 0.025 equiv.) of Ru-6 (3.3 mg). The titled
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compound was isolated as a colorless oil (15.3 mg, 74% vyield). Z:E ratio > 20:1 (determined by 'H
NMR analysis of the crude reaction mixture). R = 0.24 (hexane/diethyl ether = 3:7).
Chromatography condition: hexane/diethyl ether, 1:1. *H NMR (400 MHz, CDCls) & 6.89 —6.80 (m,
1H), 6.73 - 6.61 (M, 2H), 5.70 — 5.34 (m, 3H), 4.77 (tt, J = 9.2, 6.4 Hz, 1H), 3.87 (s, 3H), 3.50 — 3.32
(m, 2H), 1.49 (d, J = 3.3 Hz, 1H), 1.31 (d, J = 6.3 Hz, 3H). 3C NMR (101 MHz, CDCls) & 146.7,
144.1, 134.5, 132.3, 129.9, 120.9, 114.5, 111.0, 64.0, 56.0, 33.5, 23.9. IR: 3375.0, 3013.8, 2969.2,
2932.3, 2841.0, 1602.4, 1517.0, 1464.5, 1451.0, 1435.4, 1387.5, 1276.2, 1266.5, 1233.5, 1210.2,
1152.0, 1122.8, 1062.6, 1037.4 cm™. HRMS: Chemical formula ([M]): Ci2H1603, calcd. [M']

208.1094 Found: 208.1077.

5f: Following a modified General Procedure B, the reaction was conducted at 0.1 mmol
scale, using 0.10 mmol of 2h (hex-5-en-1-yl methanesulfonate, 17.8 mg), 8.0 equivalent (instead of
4.0 equiv.) of 3-buten-2-ol (57.6 mg) and 0.04 equivalent (instead of 0.025 equiv.) of Ru-6 (3.3 mg).
The titled compound was isolated as a colorless oil (15.6 mg, 70% yield). Z:E ratio > 20:1
(determined by *H NMR analysis of the crude reaction mixture). Rt = 0.19 (hexane/diethyl ether =
3:17). Chromatography condition: hexane/diethyl ether, 1:2. *H NMR (400 MHz, CDCl3) § § 5.51 —
5.32 (m, 2H), 4.70 — 4.53 (m, 1H), 4.23 (t, J = 6.5 Hz, 2H), 3.00 (s, 3H), 2.24 — 2.05 (m, 2H), 1.83
—1.71 (m, 2H), 1.62 (s, 1H), 1.55 — 1.44 (m, 2H), 1.25 (d, J = 6.3 Hz, 3H). 3C NMR (101 MHz,

CDCls) 6 134.8, 130.2, 69.9, 63.9, 37.5, 28.7, 26.9, 25.5, 23.8. IR: 3357.5, 3008.0, 2932.3, 2969.2,
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2864.4, 1346.1, 1330.6, 1169.4, 1107.3, 1051.0 cm™. HRMS: Chemical formula ([M]): CoH1504S,

calcd. [M+H-H2]* 221.0848 Found: 221.0829.

/m/
C:H
HO™ Me o

59

5¢9: Following a modified General Procedure B, the reaction was conducted at 0.1 mmol
scale, using 0.10 mmol of 1-dodecene (16.8 mg), 8.0 equivalent (instead of 4.0 equiv.) of 3-buten-2-
ol (57.6 mg) and 0.05 equivalent (instead of 0.025 equiv.) of Ru-6 (4.1 mg). The titled compound
was isolated as a colorless oil (15.5 mg, 73% yield). Z:E ratio > 20:1 (determined by H NMR
analysis of the crude reaction mixture). Rf = 0.31 (hexane/diethyl ether = 7:3). Chromatography
condition: hexane/diethyl ether, 5:1. *H NMR (400 MHz, CDCls) § 5.47 —5.36 (m, 2H), 4.70 — 4.58
(m, 1H), 2.13 — 2.01 (m, 2H), 1.45 — 1.16 (m, 20H), 0.96 — 0.82 (m, 3H). 3C NMR (101 MHz,
CDCls) 6 133.8, 131.6, 64.0, 32.0, 29.8, 29.8, 29.6, 29.5, 29.4, 27.7, 23.7, 22.8, 14.3. IR: 3334.2,
3011.9, 2955.6, 2922.6, 2852.7, 1458.7, 1367.5, 1276.2, 1111.2 cm™. HRMS: Chemical formula

(IM]): C1aH2g0, calcd. [M+H-Ho]* 211.2062 Found: 211.2081.
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Appendix 2. Spectra Relevant to Chapter 2

Figure B5. Crude *H NMR (400 MHz, CDCls) spectrum of S2.
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Figure B8. 'H NMR (400 MHz, DMSO-ds) spectrum of A1,
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Figure B17. *H NMR (400 MHz, CDCls) spectrum of 2q.
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Figure B31. 'H NMR (400 MHz, CDCls) spectrum of 3g
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Figure B33. 'H NMR (400 MHz, CDCls) spectrum of 3h.
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Figure B45. *H NMR (400 MHz, CDCls) spectrum of 3n.
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Figure B49. 'H NMR (400 MHz CDCI3 p ectrum of 3p.
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Figure B57. 'H NMR (400 MHz, CDCls) spectrum of 5a.
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Figure B61. 'H NMR (400 MHz, CDCls) spectrum of 5c.
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Figure 865 1H NMR (400 MHz, CDCls) spectrum of 5e
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Figure B69. 'H NMR (400 MHz, C
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Chapter 3

Synthesis and Separation of Macrocyclic Polyolefins through Polar

Monomer Incorporation and Chain-End Modification

3.1 Introduction

Ring opening metathesis polymerization (ROMP) of cycloolefin monomers can lead to
secondary metathesis reactions, including intrachain metathesis reactions (or back-biting reactions)
and interchain metathesis reactions. These side reactions can broaden the product molecular weight
distribution and cause deviations from the target molecular weight.> However, back-biting can also
generate macrocycles (Scheme 3.1), which have unique chemical and physical properties compared
to their linear counterparts.®* As the synthesis of macrocycles continues to advance rapidly, there is
increasing interest in exploring their potential applications in materials science and drug delivery.3>
7 For instance, cyclic polyolefins can serve as additives to linear counterparts to tune their physical
properties. In the commercialized polycyclooctene (PCOE) based rubber additive

VESTENAMER®), the high percentage of macrocycles is responsible for the lower melting point

interchain intrachain :

metathesis ~ _ metathesis X

s’
X
or + -— n [ —" - +
Ru Ru:
y n=x+y y

Scheme 3.1. Secondary metathesis reactions for a propagating PBD chain in ROMP initiated by Grubbs

and viscosity.
Ru{=\_/=)yRu

catalyst.
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By regulating the ring-chain equilibrium, it becomes possible to generate pure macrocycles.
Several studies have explored this approach using different catalysts and monomers. For instance,
Qiao used a second-generation Hoveyda-Grubbs (HG2) catalyst to create functionalized
macrocyclic oligo(cyclooctene)s, while Sampson synthesized alternating cyclic polymers using a
similar approach.®® Weck also successfully synthesized macrocycles using a third-generation
Grubbs (G3) catalyst from a cyclooctene derivative.’%! In these studies, low monomer
concentrations (ranging from 0.1 M to 0.5 M) and high catalyst loadings (ranging from 0.8% to 4%)
were utilized. However, producing macrocycles from ROMP under other reaction conditions, such
as higher monomer concentrations or lower catalyst loadings, remains challenging due to the
difficulty of separating macrocycles from linear components.

In addition, while there has been extensive research on the ring-chain equilibrium, current
methods for characterizing macrocycles are limited. Gas chromatography (GC) is commonly used,
but it cannot detect macrocycles above certain molecular weight.’2-1¢ Other methods, such as
viscometry, have been employed to estimate macrocycle content in polycyclopentene (PCP), but
they do not provide information on the molecular weight of the macrocycles.

To gain a better understanding of macrocycles, it would be useful to isolate them from the
reaction mixture and characterize them individually. Liquid chromatography at the critical condition
(LCCC) has shown promise in separating linear and cyclic polymers with similar chemical
composition, but maintaining the critical conditions can be challenging, and even small changes in

mobile phase composition or temperature can disrupt the delicate balance required for LCCC.17-23
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Alternatively, interaction chromatography can be employed to chemically distinguish the linear and
cyclic chains and isolate the macrocycles, providing greater insight into the ring-chain equilibrium.
To address these challenges, we propose a synthetic approach to isolate macrocycles
generated in ROMP. We introduce polar functional groups into the linear chains, which facilitates
the separation of macrocycles from the reaction mixture using silica gel chromatography. Our study
focuses on the ROMP of cyclooctadiene (COD) as a prime example, examining how various reaction
factors - such as feed monomer concentration, reaction temperature, reaction time, solvent, catalyst
loading, and catalyst structure - affect the molecular weight and yield of macrocycles. We also
examine the formation of macrocycles in the ROMP of cyclooctene (COE), cyclopentene (CP), and

norbornene (NB).

3.2 Separation of macrocycles through chain-end modification

=/ | @
/N
Q)

G3

s

OH

G3-OH

Scheme 3.2. Synthesis of hydroxyl terminated polybutadiene using ROMP and structure of products.
TLC analysis of product was developed by 10:3 (v/v) hexanes/dichloromethane and stained by cerium
ammonium molybdate stain. a: ROMP of COD initiated by G3 and terminated by ethyl vinyl ether. b:
ROMP of COD initiated by G3-OH and terminated by 2.
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Thin-layer chromatography (TLC) analysis shows that hydroxyl-terminated polystyrene or
polybutadiene, within a certain molecular weight range, exhibit stronger interaction with silica gel
and have smaller retention factors (Rf) compared to hydrogen-terminated polystyrene (PS) or
polybutadiene (PBD). This highlights how a single polar end-group can significantly alter adsorption
behavior.24#2> Introducing polar groups to the linear polymer produced from ROMP can enable easier
isolation of less polar macrocycles using silica gel chromatography.
Recently, Gutekunst has developed a series of enyne metathesis reactions to efficiently
modify benzylidene initiator of G3 and terminate ROMP while attaching desired end-groups.26-28
We used this chemistry to synthesize G3-OH and initiate ROMP of COD under standard condition

([COD] = 1.1M in CeDs; [COD])/[G3-OH] = 100, 30 min, 20 "C). The G3 was first reacted with 3

equivalents of 1 for 15 minutes. 'H NMR showed >95% conversion from G3 to G3-OH, as
determined from the integration of the benzylidene proton to anthracene as an internal standard
(Figure C1). Stock solution of G3-OH in C¢Ds was added to COD in CeDs, resulting in a COD

concentration of 1.1M and a [COD]/[G3-OH] molar ratio of 100. The solution was stirred at 20 ‘C

for 30 minutes. G3-OH displayed similar activity to G3, producing linear PBD with similar
molecular weight distribution (M, =10.4 kDa, P = 1.48, Figure C2). After reaction was completed,
2 equivalents of 2 were added to quench the polymerization. *H NMR showed full monomer
conversion, no catalyst decomposition, and full conversion of catalyst to the inert thioether chelated
G3-thio (Figure C1). Ideally, all linear species, including the product from interchain metathesis will
have hydroxy groups at both chain ends (Scheme 3.2).

The reaction mixture was initially analyzed by TLC. With 10:3 (v/v)

hexanes/dichloromethane (DCM) as eluent, two spots are identified — one polar component
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tentatively assigned as linear PBD with an Ry close to 0, and one oblong spot with larger Rr as cyclic
PBD. Complete separation of two spot without overlapping enabled the chromatographic separation
of linear PBD. For comparison, PBD initiated by G3 under same conditions, without addition of 2,

is developed into a single spot (Scheme 3.2).

40 1 Mn (kDa) D Yield (%)
F1 (cyclic) 0.7 2.86 16.1
204 F2 (cyclic) 1.3 1.27 4.3
F3 (cyclic) 1.8 1.04 7.0
9 F4 (cyclic) 4.0 1.03 2.0
gzo 1, F5 (linear) 14.2 1.33 18.0
> F6 (linear) 11.0 1.49 26.8
o F7 (linear) 8.9 1.33 24.2

0" F1 F2 F3 F4 F5 F6  FT

fraction
Figure 3.1. Elution order of cyclic and linear PBD. Table shows M,, P and yield of each fraction.

The reaction mixture was loaded onto a silica gel column and eluted with 10:1 to 1:10 (v/v)
hexanes/DCM. Notably, the elution order for the product was intriguing, with macrocycles of smaller
molecular weight eluting first, followed by macrocycles of larger molecular weight. Subsequently,
longer linear chains were eluted, followed by shorter linear chains (see Figure 3.1). Hercules
previously observed the reverse elution order of cyclic polymer while separating linear and cyclic
polyesters and polyurethanes using specific ethylene bridged hybrid silica particles as the stationary
phase and acetonitrile as the mobile phase. They found that linear chain length was inversely
proportional to elution time, and suggested that acetonitrile was a good solvent for linear chains but

a non-solvent for cyclic chains, tentatively explaining the phenomenon.?® Weck and Qiao have also

reported a similar elution order for macrocycles.®!!
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In our study, we found that the adsorption of linear chains on the stationary phase was
primarily due to the hydroxyl groups. As molecular weight increased, the polarity of the chains was
diminished by the hydrocarbon backbones, resulting in larger R¢ values for longer chains. Conversely,
for cyclic chains, smaller chains eluted earlier due to the absence of polar end-groups, which resulted
in weaker interactions. McCarthy has previously reported similar differences in adsorption behavior

for hydrogen-terminated PS and hydroxyl-terminated PS.2*

3.3 Characterization of macrocycles

All four cyclic PBD fractions were combined to form C1, with a yield of 29%. GPC analysis
of C1 revealed a high dispersity of 2.75 and a small molecular weight of 0.8 kDa. The DRI trace
showed a separated peak at the elution time of trans,trans,trans-1,5,9-cyclododecatriene (ttt-CDT),
followed by a monotonic decrease in RI response with shorter elution times for larger cyclic species
(Figure 3.2a). This can be attributed to the decreasing probability of the Ru catalyst reacting with a
more distant double bond in the backbone.3? Attempts to synthesize a linear analogue with similar
molecular weight and dispersity to C1 were unsuccessful, but the retention time of a synthesized
linear PBD (M, = 1.3 kDa, D = 1.47) was significantly longer than that of fractioned cyclic PBD (M,
=1.3 kDa, b = 1.27) of similar molecular weight (Figure 3.2b). Another fractioned cyclic PBD with
similar retention time to this linear PBD exhibited larger molecular weight (Mn=2.3 kDa, & = 1.15).
All fractioned cyclic PBD fractions F1-F4 from C1 exhibited longer retention times and thus smaller
hydrodynamic volumes than their linear counterparts (Figure C3), indicating the topological purity
of C1. This purity was further demonstrated by the absence of end-groups in C1, as the intensity of
the styrenic protons in the 1H NMR spectrum was below the detection limit (Figure 3.2c). End group

peak intensity for high molecular weight linear PBD is low, but such impurity was absent given the
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large retention time of C1. On the other hand, linear PBD with low molecular weight shows stronger

end group signals, so this topological impurity present is likely to be very low.

@ (b)
—— CyclicPBD M, =23k D= 115
Linear PBD M, =13k D= 1.47
—— CyclicPBD M, =13k 8= 127
T T T T T T T
15 20 15 16 17 18 19
i . i retention time (min)
retention time (min)
© (d)
a b 863,798
13004 .
b y=5411x + 106.25 .’
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Figure 3.2. (a) GPC differential refractive index (DRI) chromatograms showing product distribution
of C1. (b) GPC DRI traces comparison between cyclic and linear PBD. (c) *H NMR spectrum (CDCls)
of C1 with expansion of the 6.05—6.50 ppm region. Absence of signals for styrenic end-group protons
indicates no linear polymer impurity was present. (d) MALDI ToF MS for F1 obtained in reflection

mode. Inset shows the plot of the m/z values (y) versus the number of CsHs repeat units (x) for the peak

series.
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The low polarity of the pure hydrocarbon composition resulted in poor ionization and
difficulty in measuring the MALDI ToF MS. Only MALDI ToF MS for the lower molecular weight
fraction F1 was obtained, which revealed a single series of peaks corresponding to cyclic PBD
(Figure 3.2d, see Figure C4 for MALDI ToF MS obtained in linear mode). Plotting the m/z values
for the peaks versus the number of PBD repeating units yielded a relationship of y = 54.11x + 106.25,
corresponding to the structure of [(CsHs)n + Ag']. Peaks corresponding to linear PBD of different
end-groups (Scheme 3.2) with a degree of eight repeating units (1041.19, 910.19, and 779.18) were
absent. A peak interval of 54.11 suggests that the cyclic polymers were formed via backbiting rather
than cyclooligomerization of COD, which would have resulted in a peak interval of 108.22 or

increased intensities for peaks with even numbers of repeating units in the MS.

3.4 Improvement of the separation method by polar monomer incorporation

The results of all the characterization techniques used indicate that the macrocycles were
successfully isolated from the reaction mixture. However, there are some significant limitations to
this approach. Firstly, if a smaller catalyst loading is used compared to the standard conditions, the
polarity of longer linear PBD may not be high enough to allow for their separation from the
macrocycles. For instance, when the [COD]/[G3-OH] ratio is increased to 1000, higher molecular
weight linear PBD is mixed with higher molecular weight cyclic PBD (see Figure C5). Secondly,
the efficiency of the enyne metathesis chemistry employed to modify the ruthenium catalyst and
quench polymerization is much lower for catalysts other than G3.262” To investigate the distribution
of cyclic PBD under these conditions, we modified the reaction approach by adding a polar monomer,
exo-cis-5-norbornene-2,3-dicarboxylic acid (NDA), after polymerization of the COD and before

quenching the reaction with 2 (JCOD]/[NDA] = 10). The reaction can be quenched shortly (within
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30 seconds) after the addition of NDA because of its fast polymerization, thus minimizing the effect
on the reaction equilibrium of ROMP of COD (see Figure C6).123! The resulting PBD-b-PNDA
copolymer, which has much higher polarity, greatly improves the efficiency of separating cyclic

PBD through interaction chromatography.

3.5 Analysis of macrocyclic species in ROMP of cyclooctadiene

Using this improved method, we investigated macrocycle formation during the ROMP of
COD under various conditions. We found that decreasing the catalyst loading resulted in an
increased molecular weight for linear PBD, but the molecular weight for cyclic PBD did not show a
significant variation from the standard condition (Table 3.1, entries 1-1 and 1-2). In order to obtain
larger cyclic PBD, the propagating Ru needs to react with a further backbone double bond, but this
reactivity is independent of the catalyst loading. We observed a slight decrease in the yield of cyclic
PBD, which could be a consequence of the reduced Ru concentration and thus less frequent back-
biting events, or a pre-equilibrium state due to a slower reaction rate.3?

Table 3.1. Molecular weight of crude linear PBD and yield and molecular weight of macrocycles from

ROMP of COD.

Mes-N N~Mes
VB j//CI o)
N—Ru=
S -

NS (0] HO OH
G3-0OH (1 mol%) NDA (10 mol%)
RWMR + —_— R Ra
[CODJp = 1.1 M, CgHg, 23 °C, 30 min n 2 n

30s n

"standard conditions" n

coD linear PBD + cyclic PBD PBD-b-PNDA + cyclic PBD
Entry  Change from “standard condition” Crude PBD cPBD cPBD
Mn(MW) (kDa) yIE|d(%) Mn(Mw)
(kDa)
1-1 None 10.8(16.0) 29 0.8(2.2)
1-2 [CODJ/[Ru] = 400 22.2(35.1) 28 0.9(1.6)
1-3 [CODJ/[Ru] = 1000 35.9(63.5) 24 0.7(1.6)

14 T=0<T 11.8(15.7) 20 0.7(1.0)
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1-5 T=50<C 10.4(14.1) 34 1.3(3.5)
1-6% T=70<T 4.5(5.5) 25 1.6(2.0)
1-7 [COD]o=0.27TM 3.3(5.3) 64 0.3(1.4)
1-8 [COD]o=0.1M 1.2(5.2) 92 0.3(0.8)
1-9 t = 5 minutes 8.3(12.6) 22 1.5(3.0)
1-10*  t =300 minutes 9.2(15.8) 31 2.3(4.1)
1-11 THF instead of benzene 9.5(15.5) 25 0.5(1.0)
1-12 hexanes/benzene (v/iv = 1/6) instead of 11.0(16.2) 26 0.7(2.0)
benzene
1-13*  [Ru]=G1 6.2(9.8) 8 7.2(9.0)
1-14*  [Ru]=G2 11.2(18.0) 26 2.0(4.2)
1-15 [Ru] = HG2 17.4(27.1) 37 0.4(1.2)
1-16* [Ru]=G3 10.9(16.2) 42 0.6(2.9)
1-17 [COD)/[Ru] = 1000, [COD]o =0.27M 1.1(7.0) 34 0.5(1.2)
1-18°  [CODJ/[Ru] = 1000, [COD]o = 0.27M 1.8(8.9) 29 0.4(1.6)
1-19°  [COD]J/[Ru] = 1000, [CODJ/[MA] = 10, THF 2.3(3.8) 21 0.4(1.5)

instead of benzene
a Styrenic protons (ca. dn 6.15 and 6.32 ppm) are identified in the *H NMR spectra of separated cPBD products.
b Reaction was first equilibrated at 1.1 M for 15 minutes, then diluted to 0.27 M and equilibrated for another
15 minutes.
¢ NDA is not added.

The reaction temperature is a complex factor. In the metathesis reaction equilibrium of PBD,
ttt-CDT is favored over larger oligomers or ctt-CDT/cct-CDT because of its higher enthalpic loss in
the back-biting process, and only the formation of ttt-CDT is significantly affected by temperature
among all macrocycles.’* At 50 <C, the formation of ttt-CDT is suppressed and an elevated
temperature promotes the formation of larger macrocycles, which are entropy-driven.>333% As a
result, cyclic PBD (cPBD) was produced with a larger molecular weight and the yield of cPBD
increased to 34% (Table 3.1, entry 1-5). At a decreased reaction temperature of 0 <C, molecular
weight and yield of cPBD decreased (Table 3.1, entry 1-4). When the temperature was further
increased to 70 <C, G3-OH degraded during polymerization, resulting in smaller linear PBD and

linear impurities in separated cPBD according to characteristic signals of styrenic protons (ca. dn
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6.25 and 6.40 ppm) identified on *H NMR of the product (Table 3.1, entry 1-6, see Figure C7 for H
NMR spectrum).

The feed monomer concentration is a crucial factor that determines the ring-chain
equilibrium. According to the Jacobson—Stockmayer theory, a critical monomer concentration [M]c
can be established below which only cyclic oligomers are formed. When the monomer concentration
is larger than [M]c, the equilibrium concentration of cyclic fraction remains constant, and linear
polymer chains start to grow.3>3¢ When [COD]o was decreased to 0.27 M and 0.1 M, only oligomeric
PBD were identified on GPC, and the yield of cPBD was increased to 64% and 92%, respectively.
Since there was not sufficiently long linear PBD to release larger cPBD from back-biting, the
molecular weight of cPBD decreased (Table 3.1, entries 1-7 and 1-8).

For the ROMP of COD, a prolonged reaction time of up to 8 hours is required to reach the
thermodynamic equilibrium, during which the yield of macrocycles, especially ttt-CDT, gradually
increases.’?37:3 When reaction time was shortened to 5 minutes, molecular weight of cPBD
increased due to lower yield of ttt-CDT, and yield of cPBD decreased (Table 3.1, entry 1-9).
However, if the reaction is run for 300 minutes, linear impurities are identified in separated cPBD
due to catalyst decomposition (Table 3.1, entry 1-10).

Previous reports suggested the solvent quality has a negligible influence on the kinetic and
thermodynamic distribution of macrocycles by comparing toluene, DCM, chloroform and a theta
solvent (3-pentanone/2-pentanone).%3° However, ROMP of COD and COE yielded a slightly larger
fraction of cyclic oligomers in heptane than in benzene, according to some earlier reports.3%4°
Theoretical models also suggest a decreased yield of cyclics in good solvents, particularly in a diluted

solution, because the expanded chains would impede chain-end encounter.*! In our study, when
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hexanes/benzene (v/v = 1/6) was selected as the solvent, precipitated PBD was observed during
polymerization, which redissolved after addition of NDA solution, but molecular weight and yield
of cPBD did not change much compared to the standard conditions (Table 3.1, entry 1-12). However,
when THF was used instead of benzene, a decreased molecular weight and yield for cPBD were
observed. This can be rationalized by the coordinating ability of THF, which can suppress secondary
metathesis including back-biting, instead of solvent quality difference, as both benzene and THF are
considered good solvents for PBD isopropyloxyaryl.#243

The structure of the catalyst can significantly affect the reaction equilibrium in ROMP. For
instance, G1 is shown to initiate ROMP with minimal secondary metathesis.3*4? When G1 is used
in place of G3-OH, the yield of cPBD decreased to 8%, and product distribution of cPBD largely
differed from standard conditions (Figure C8) with minimal ttt-CDT formation (Table 3.1, entry 1-
13). It indicates a kinetic product distribution was obtained instead of the thermodynamic
equilibrium, which may be explained by G1's inability to polymerize ttt-CDT.1238 However, H
NMR analysis showed the presence of linear contaminants eluting with cBPD, which are attributed
to products from interchain metathesis containing two styrene end groups that could not be separated
from cPBD. When G2 is used, ROMP yields cPBD with a higher molecular weight than the standard
condition, but the product also contained this linear impurity (Table 3.1, entry 1-14). When G3 is
used instead of G3-OH, yield of non-polar species increased to 42%, with 13% attributed to the
styrene terminated linear PBD (Table 3.1, entry 1-16). Yield of this linear PBD component decreases
with a lower catalyst loading or feed monomer concentration. HG2 has a coordinating
isopropyloxyaryl group, which led to a stronger tendency for back-biting, resulting in macrocycles

with a higher yield but lower molecular weight.2 Different from G1, G2, and G3, interchain
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metathesis reactions were absent, as shown by the clean *H NMR of the separated nonpolar product
(Table 3.1, entry 1-15).

The yields and molecular weights of cyclic PBD in entries 1-17 and 1-18 are similar, despite
different reaction conditions. Entry 1-17 was performed with reduced catalyst loading ([COD]/[Ru]
=1000) and concentration ([COD]o = 0.27 M), while entry 1-18 began with the same catalyst loading
at a higher concentration (1.1 M) for 15 minutes before being diluted to 0.27 M to reach equilibrium.
These experiments demonstrate that ROMP of COD is an equilibrium-controlled polymerization and
that the product distribution is determined by the final reaction conditions.23%4445

One way to achieve molecular control in the ROMP of medium ring strain monomers is by
using acyclic internal olefin moieties as chain-transfer agents (CTAs).#¢-4® We utilized maleic acid
(MA) asa CTA ([CODJ/[MA] = 10) to end-cap linear PBD with carboxylic acid groups. Linear PBD
was synthesized with low molecular weight, and cyclic PBD was still separated with a yield of 21%
(Table 3.1, entry 1-19). It indicates the introduction of CTAs cannot eliminate the formation of

macrocycles.

3.6 Analysis of macrocyclic species in ROMP of cyclooctene, cyclopentene, and norbornene

Table 3.2. Molecular weight of crude linear PCOE and yield and molecular weight of macrocycles
from ROMP of COE.

Mes~N<~-N~Mes

cl o
</ \N—/Ru/_
=/c1” | / OH
N
@ OH OH 00
X o HO OH
G3-OH (1 mol%) NDA (10 mol%)
: R1W\R + —_— R4 Ro o
[COE]o = 1.1 M, CgHg, 23 °C, 30 min n 2

30s n n
"standard conditions” n n

Entry  Change from “standard condition” Crude PCOE cPCOE cPCOE
Mn(Mw) yield(%) Ma(Mw)

(kDa) (kDa)
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2-1  None 12.4(16.8) 12 1.4(3.1)
2-2  [COE]: [Ru] = 1000 78.5(1085) 8 2.0(2.7)
23  T=50<T 12.4(17.0) 11 1.4(4.6)
2-4  [COE]o=0.27M 6.3(8.8) 42 1.6(2.8)
2-5  [COE]o=0.1M 4.7 (5.5) 81 1.5(1.8)
2-6  t=5minutes 12.6(15.4) 12 1.6(3.2)
2-7%  [Ru] = G2, [COE]p = 0.1M 2.1(3.2) 92 2.5(3.9)
2-8  [Ru] = HG2, [COE]o = 0.1M 0.6(1.5) 99 0.8(2.0)
2-9°  [Ru]=G3 10.9(16.0) 19 2.0(3.8)

2 Styrenic protons (ca. én 6.23 and 6.37 ppm) are identified in the *H NMR spectra of separated cPCOE
products.

Compared to the ROMP of COD, less is known about the product distribution of COE.*3 In
general, the yield of cyclic PCOE is lower than that of PBD, which can be attributed to the lower
density of backbone double bonds in COE, providing fewer sites for back-biting reactions. Since the
ROMP of COE does not produce a specific thermodynamically favored product like ttt-CDT, the
reaction quickly reaches equilibrium in as little as 5 minutes, resulting in macrocycles with larger
molecular weight compared to COD (Table 3.2, entries 2-1 and 2-6). Increasing temperature has
minimal influence on the formation of cyclic POE due to the same reason (Table 3.2, entry 2-3).
When G3-OH was substituted with G2 or HG2, the solution quickly gelled due to slow initiation,
leading to high-molecular weight linear PCOE that was unable to dissolve even after prolonged
equilibration. As a result, reactions using G2 and HG2 were conducted at a diluted solution. Table
3.2, entry 2-8 shows near full conversion to cyclic PCOE, consistent with the findings of Qiao.? The
comparison between Table 3.2, entries 2-1 and 2-9 revealed that the yield of linear PCOE resulting

from interchain metathesis reaction was calculated to be 7% (Table 3.2, entry 2-9).
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Table 3.3. Molecular weight of crude linear PCP and yield and molecular weight of macrocycles from
ROMP of CP.

Mes~ N N~Mes
TCI
N Ru_
A
e .
OH
G3- OH(01m0|/) NDA (10 mol%)
M —_— R,
O . v . T W
[CP]o = 1.1 M, CgHg, 23 °C, 30 min A n
cP n

30s

"standard conditions" linear PCP + cyclic PCP .
PCP-b-PNDA + cyclic PCP

Entry  Change from “standard condition” Crude PCP cPCP CPCP  Mn(Mw)
Mn(Mw) yield(%) (kDa)
(kDa)

3-2 None 5.3(6.7) 11 1.4(1.7)

31  [CP]p=2.8M 17.127.2) 5 1.2(1.6)
3-3  [CP]o=0.27TM - - -
3-4  [Ru] =HG2, [CP]o = 0.27M ; ; ]

Cyclopentene (CP) has a low ring strain of 28.4 kJ mol and entropic penalty for its
polymerization is large (—AS, = 70 + 6 J Kt mol™).4%%0 At a [CP]o of 0.27 M, no polymerization
occurred at 23<C (Table 3.3, entries 3-3 and 3-4). Increasing [CP]o to 2.8 M resulted in a 5% yield
of cPCP with Mn of 1.2 kDa (Table 3.3, entry 3-2). The yield of cPCP was improved to 11% when
[CP]o was decreased to 1.1 M, with a comparable M, (Table 3.3, entry 3-1). Using a more reactive
Mo-based catalyst, Register reported the synthesis of higher molecular weight cyclic PCP at smaller
catalyst loading.>* In an attempt to produce higher molecular weight cPCP, we used a high [CP]o of
2.8 M and a [CP]/[G3-OH] of 10000, but the resulting gelled solution made it impossible to

introduce the NDA block into the linear chain, preventing the separation of the product.
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Table 3.4. Molecular weight of crude linear PNB and yield and molecular weight of macrocycles from
ROMP of NB.

Mes-N<~N~Mes
C\ | C! o
4 N—/Ru_
—=/C| ,!‘ Q / OH
@ oH OH 0Q

G3-OH (1 mol%) Rz NDA (10 moi%) " > o
Ab [NBJo = 1".1 M, CgHg, 23.°.c, 30 min Rw/g‘:\Q/én:/ 30s 4 n n 2
Entry  Change from “standard condition” Crude PNB cPNB cPNB
Mn(Mw) yield(%) Mn(Mw)
(kDa) (kDa)
4-1 None 10.3(14.7) - -

4-2 [NB]: [G3-OH] = 1000, [NB]o = 0.27M 70.5(110.1) - -
4-3 [NB]: [HG2] = 1000, [NB]Jo = 0.27M, t = 57.0(137.0) - -
360 minutes

In terms of ROMP for NB — a high ring strain monomer, macrocycles are not formed even
with lower initial monomer concentration, longer reaction time and HG2 as the catalyst (Table 3.4,
entry 4-3). The steric bulkiness of the PNB backbone results in a decreased reactivity towards back-
biting. Cyclic PNB obtained through ROMP was only reported using WCls/Sn(CHz)4 or more active
Mo based catalyst.5>- In other cases, a tether structure in the catalyst is required to synthesize cyclic
PNB via ring-expansion metathesis polymerization.>®->° In our study, PNB is proven to resist back-

biting in ROMP using Grubbs catalyst.

3.7 Conclusions

In conclusion, our study has shown that the introduction of polar functional groups to linear
polymer products enables the facile separation of macrocycles from ROMP reaction mixtures. This
approach offers several advantages, including the ability to prepare macrocycles under different
reaction conditions and improved characterization of macrocyclic species compared to traditional

methods such as GC or viscometry. Furthermore, the method can be extended to the study of
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macrocycle formation in other metathesis reactions, such as acyclic diene metathesis and ring-
closing metathesis. The potential for more efficient screening of macrocyclic species can also be
realized by combining the synthetic approach with advanced liquid chromatography to analyze the
aliquot from crude reaction mixture, eliminating the need for manual column separation.

Through investigation of the reaction factors affecting the yield and molecular weight of
macrocycles during ROMP of COD, we found that cyclic PBD with higher molecular weight can be
obtained by increasing the reaction temperature below the catalyst degradation temperature or by
decreasing the reaction time. We also observed that higher yields can be achieved by diluting the
solution or using HG2 as the catalyst. Furthermore, we demonstrated the synthesis of cyclic PCOE
and PCP using this approach. However, we acknowledge that there are limitations to this method,
such as the inability to separate macrocycles from gelled solutions and the presence of linear
impurities in cases of catalyst decomposition or interchain metathesis for G1 and G2. Thus, future

research should focus on developing more universal methods to overcome these challenges.

3.8 Experimental section

3.8.1 General materials information

Without additional notes, all reagents which were commercially available from Sigma-
Aldrich, Combi-Blocks, Tokyo Chemical Industry Co. Ltd., and Alfa Aesar were used without
further purification. Linear PBD L1 and L4 were purchased from Scientific Polymer Products, Inc.
Linear PBD L2 and L3 were prepared according to reported procedures using cis-4-octene as chain
transfer agent.*® The first generation Grubbs catalyst G1, the second generation Grubbs catalyst G2,
and the second generation Hoveyda-Grubbs catalyst HG2 were generously provided by Materia Inc.

The third generation Grubbs catalyst G3 was prepared according to reported procedures.®
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Cyclopentene, cis-cyclooctene and cyclooctadiene were purchased from Sigma Aldrich and purified
according to reported procedures.®* Solvents used for polymerization were degassed by freeze-pump-
thaw and stored over activated molecular sieves in the glovebox. In other cases when dry solvents
were needed, solvents were purified by passing through the solvent purification system (SPS).
Deuterated solvents were purchased from Cambridge Isotopes Laboratories, Inc. and used as
received. Compounds S1, 2 and exo-cis-5-norbornene-2,3-dicarboxylic acid were synthesized
according to reported procedures.?62":%

3.8.2 General experimental information

The standard Schlenk techniques were used for all reactions carried out under an argon
atmosphere. The retention factor (Rf) of thin-layer chromatography (TLC) was recorded using E.
Merck silica gel 60 F254 precoated plates (0.25 mm) and visualized by cerium ammonium
molybdate or potassium permanganate staining. *H and *C NMR spectra were recorded on either
Bruker Ascend 400 MHz or Varian Inova 500 MHz spectrometer. High resolution mass spectra
(HRMS) were provided by the California Institute of Technology Mass Spectrometry Facility using
a JEOL JMS-600H High-Resolution Mass Spectrometer. Gel permeation chromatography (GPC)
data were collected in tetrahydrofuran (THF) at 25 <C using two Agilent PLgel MIXED-B 300 x<7.5
mm columns with 10 um beads, connected to an Agilent 1260 Series pump, a Wyatt 18-angle
DAWN HELEOQOS light scattering detector, and an Optilab rEX differential refractive index detector.
Molar masses were determined from light scattering. Dn/dc values were used for PBD (0.13), PCOE
(0.11), PCP (0.12), and PNB (0.17). Samples were filtered through a 0.20 mm PTFE filter before

injection. MALDI ToF MS was obtained using Autoflex from Bruker. Sample preparation was
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adopted from previous reports, using silver trifluoroacetate as ionization reagent and anthracene as
matrices.®

All polymerization reactions are carried out under nitrogen atmosphere inside a glove box.
To ascintillation 20 mL equipped with a stir bar, 2.45 mmol monomer and solvent were added, then
catalyst stock solution was added rapidly using syringe into stirring monomer solution. After reaction
is complete, 5% of the solution by volume is extracted and terminated by ethyl vinyl ether (EVE) to
characterize molecular weight. ImL THF solution of 3 is added to the remaining stirring polymer
solution and stirred for 0.5 minute (vial would be shaken rigorously when solution is too viscous to
stir well). Afterwards, 1mL benzene solution of 2 is added to quench the reaction when G3 or G3-
OH is used. After 3 minutes, 100 uL EVE is added to quench any residue active catalyst. When G1,
G2, or HG2 are used, 1ImL methanol solution of potassium 2-isocyanoacetate (PICA) and 500 puL
EVE are added and stirred for 30 minutes to quench the reaction. 3 g silica gel is added to the solution,
and solvent is carefully removed by rotovap. The residue solid is further dried on vacuum line, and
then loaded on a silica gel column and eluted with 20% DCM in hexanes. Collected fractions are

combined, concentrated, and characterized by NMR and GPC.

3.8.3 Synthetic details

/ | / |
0=S=0 0 DCM, -78 °C - rt 0=S=0

0 OH

S1 1

1: In a 250 mL Schlenk flask, S1 (6.1 g, 16 mmol, 1 eq) was dissolved in 150 mL of degassed dry

DCM under argon atmosphere. The solution was cooled to -78 <C, followed by dropwise addition
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of DIBAL-H solution (1.1 M in cyclohexane, 36 mL, 40 mmol, 2.5 eq) using syringe. The reaction
was warmed to room temperature slowly. After 30 minutes, TLC showed completion of the reaction,
and the reaction was quenched by Rochelle’s salt (saturated aqueous sodium potassium tartrate
solution) and stirred for 10 hours. The reaction mixture was diluted with 100 mL of DCM, washed
with brine, dried over NaSOs, and concentrated in vacuo. Purification of the crude mixture by
column chromatography (33% EtOAc in hexanes), isolating the desired product as a yellow oil (5.15
g, 91%).
calcd. [M]* 355.1242 Found: 355.1237.

IH NMR (400 MHz, CDCls) § 7.80 — 7.73 (m, 2H), 7.37 — 7.24 (m, 6H), 6.57 (d, J = 15.8 Hz, 1H),
6.08 (dt, J = 15.1, 6.8 Hz, 1H), 4.68 (s, 2H), 4.20 — 4.10 (m, 2H), 3.99 (d, J = 6.8 Hz, 2H), 2.44 (s,
3H), 2.05 (g, J = 2.1 Hz, 1H).

13C NMR (101 MHz, CDCls) & 143.8, 140.9, 136.0, 135.5, 134.6, 129.6, 127.8, 127.3, 126.8, 123.0,

76.6, 74.0, 64.9, 48.6, 36.0, 21.6.
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Appendix 3. Spectra Relevant to Chapter 3
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Figure C1. 'H NMR sepctra (CsDs) of G3 (top), G3-OH (middle), and G3-thio (bottom). Peak at 8.16

ppm is from anthracene internal standard.
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Figure C2. GPC traces of linear PBD initiated by G3 and G3-OH.

——F1 (M, = 0.7k, B = 2.86)
——L1 (M, =05k D=1.11)

retention time (min)

——F3 (M, = 1.8k, £=1.04)
——L3 (M, = 2.0k, D = 1.36)

15
retention time (min)

——F2 (M, =13k D=127)
—— L2 (M, =13k, B=147)

15
retention time (min)

——F4 (M, = 4.0k, &= 1.03)
—— L4 (M, =42k, D=1.26)

15
retention time (min)

196

Figure C3. GPC dRI traces comparison between cyclic fractions F1-F4 and corresponding linear PBD.
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Figure C4. MALDI ToF MS for cyclic fraction F1 obtained in linear mode.
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Figure C5. After the column separation of reaction mixture with decreased catalyst loading
([COD]«/[G3-OH] = 1000:1), first two fractions (f1 and f2) were cyclic PBD. Fraction f3 was
inseparable linear and cyclic PBD. TLC and GPC dRl traces for the 3 is shown above.
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Figure C6. GPC dRI traces of linear PBD from Table 1, entry 1-1 and corresponding PBD-b-PNDA

block copolymer.



b T

6 5 4 3

9 8 7
Chemical shift (ppm)

Figure C7. 'H NMR sepctrum (CDCIs) of cyclic PBD obtained in Table 1, entry 1-6.

15 20 25 30

T T T T T

0 5 10
retention time (min)

Figure C8. GPC DRI trace of cyclic PBD obtained in Table 1, entry 1-13.
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Figure C9. 'H NMR sepctrum (CDCIs) of cyclic PCOE from Table 2, entry 2-1.
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Figure C10. GPC DRI trace of cyclic PCOE obtained in Table 2, entry 2-1.
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Figure C13. 'H NMR (400 MHz, CDClIs) spectrum of 1.
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Figure C14. *C NMR (101 MHz, CDCls) spectrum of 1.
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