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Chapter 1

1-1. Synthesis and Function of Carbohydrate Polymers

Carbohydrates occurring in cell membranes play an important role in
cellular recognition and signaling transduction such as multiplication, adhesion,
and growth. The binding epitope density and spatial arrangement of the
carbohydrates effect carbohydrate-protein interactions, because an unexpected,
both specific and strong affinity can be observed with multivalent ligands that can
be explained as their clustering and binding into multivalent arrays which lead to a
greater affinity and specificity, although the affinities with monovalent
interactions are extremely weak.'” In addition, numerous cellular recognition
processes depend on protein-carbohydrate interactions, and these lectin-ligand
attachments are critical in fertilization, cell signaling, pathogen identification, and
the inflammatory response.*?

Recently, many researches have been done to create intelligent materials
with highly specified functions in the field of polymer synthetic chemistry. In
order to create these materials, we need to clarify the correlation between the
primary structure and the function of the resultant polymer. Recently, many
researchers are conducting studies concerning the synthesis and function of a
variety of carbohydrate polymers.® The carbohydrate polymers, are classified
into two types; (i) principal-chain carbohydrate polymers, and (ii) side-chain
carbohydrate polymers (Figure 1-1). In particular, compared to principal-chain
carbohydrate polymers (e.g. hyaluronic acid, and heparin), side-chain
carbohydrate polymers (e.g. lactose-substitute polystyrene’) should be more suited
for the precise design of chain length of principal- or side-chain using spacer.
This is because, that the control both the distance and spatial arrangement of
carbohydrates in the case of side-chain carbohydrate polymers. As a result of
precise arrangement of the binding epitope density of carbohydrate polymer, we
can thus expect to increase the recognition of carbohydrate polymers, in

comparison to low-molecular weight scaffolds bearing carbohydrates. Therefore,
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we focused on the preparation of side-chain carbohydrate polymers.
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Figure 1-1. Schematic drawing for multivalent ligand-promoted clustering of Lectin.

(Blue shapes represent tetrameric Concanavalin A)

1-2. Previous Example for Synthesis of Carbohydrate-Substituted
Polymers (Neobiopolymers)
Many efforts have been described for the synthesis of polymers containing

carbohydrate residues using radical, cationic/anionic and coordination

9

polymerization.® In the beginning of the 1990s, Whitesides reported that

polyacrylamides bearing pendant «-sialoside groups strongly inhibited

10

agglutination of erythrocytes of the influenza virus. Since then, many

researchers have developed carbohydrate functionalized polymers to investigate
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the function of the side-chain carbohydrate on account of this work. For example,
Kiessling reported that carbohydrate polymers prepared by aqueous ROMP, acted
as a potent inhibitor of concanavalin A (Con A)-induced cell agglutination,
although both description of the molecular weight and molecular weight
distribution of the carbohydrate ROMP polymers were not described.'’

Recently, Kiessling also reported that carbohydrate ROMP polymers acted
as better potent inhibitors of Con A, than other carbohydrate polymers of varied
principal-chain type (vinylpolymer, dendrimer, and low-molecular substance).'?
Therefore, the synthesis of carbohydrate polymers by the ROMP technique has

11-22 especially since Kiessling et al,'?

attracted considerable attention,
demonstrated that relatively linear polymers prepared by ROMP possessed
structural properties that favor clustering. However, reports concerning the
precise control of molecular weight, chain length, as well as the preparation of

block copolymers have been limited.'®'??!-2

Examples of the precise synthesis
methods including radical,”** cationic/anionic,”* ring-opening polymerization

(ROP),*>% and coordination polymerization®’ have also been limited so far.

1-3. Ring-Opening Metathesis Polymerization (ROMP)
Many studies have been made concerning ROMP, especially the
polymerization of  norbornene and numerous derivatives using

2831 The mechanism of the

transition-metal-catalysts (Ti, V, Mo, W, and Ru etc).
ROMP reaction involves an alkylidene initiators breaking and reforming olefin
double bonds with simultaneous opening of unsaturated cyclic of monomers
(Figure 1-2). [Initiation takes place by the cycloaddition of metal-carbene
complexes to the carbon-carbon double bond of the cyclic olefin, affording the

formation of an intermediate called metallacyclobutane. This undergoes a

retrocycloaddition to form the initiating species propagation of a second monomer

4
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unit by the first insertion product proceed via the same metallacyclobutane. The

reaction proceeds with this manner until all monomer is consumed.
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Figure 1-2. The mechanism of the ROMP reaction using transition-metal-catalysts.

As mentioned above, the design of synthetic biopolymers must be
considered as the target specific molecules with conformational or functional
properties. In fact, many interesting efforts have thus resulted in the preparation

of polymers with biological functional groups by ROMP®’ (Figure 1-3). These

11-22 32-33

examples include carbohydrates, peptides, nucleic acid bases’® and even
penicillin®® functionality incorporated onto the polymer backbone. Recently, the
ROMP polymers have found applications in industry and current research is
focused on elegant syntheses with ROMP as the key step for preparing materials

for diverse applications.
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Figure 1-3. Biologically active polymers synthesized via ROMP.

1-4. History of Carbohydrate-Substituted Polymers Generated by ROMP
Many reports have been known for the synthesis of polymers containing
carbohydrate residues using ROMP. As the first report of biologically active
ROMP polymers, Kiessling reported the synthesis and biological evaluation of
carbohydrate ROMP polymers.!" The polymerization of saccharide-substituted
monomers was carried out using RuCl; as the initiator. However, these reports
did not describe molecular weight distribution of the resultant carbohydrate ROMP
polymers. In contrast, Schrock and Nomura reported that the living ROMP
technique using a Schrock-type molybdenum-alkylidene initiator,

Mo(CHCMe,Ph)(N-2,6-'Pr,CeH3)(O'Bu),, is effective for the preparation of
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homopolymers and multi-block copolymers containing acetal-protected
monosaccharide residues such as galactose, ribose, and mannose.'® Fraser and
Grubbs investigated the ROMP of glucose-substituted norbornenes using
ruthenium-carbene initiators, (Cys;P),RuCl,(CHPh) and (Ph3P)2RUC12(CHPh).19
However, this report mainly focused on the effect of the sugar protecting group
based on this monomer by ROMP. More recently, Chaikof and coworkers
reported the synthesis of ROMP polymers containing hyaluronan (HA)-derived
disaccharide using the 2"¢ generation ruthenium-carbene initiators,
Ru(CHPh)(CI)2(IMesH»)(PCys3) (IMesH; = 1,3-dimesityl-4,5-dihydromidazol-2-

ylidene).21 As mentioned above, a variety of carbohydrate ROMP polymers were
synthesized using transition metal catalysts (Chart 1-1, Figure 1-4) which were of
interest in the fields of carbohydrate biology and chemistry.® % !'1-22: 36-48

However, most of all reports by transition metal catalyzed polymerization did not

describe the molecular weight and molecular weight distribution of the

carbohydrate ROMP polymers.'® %> 2! 22
Ar—N_ _N—Ar
PCys . T I|3Ph3
I, -
ClRu=chph  (REECHPR Rucl,  Clra—chen
I cl” | PC clv
Buyo MO=CHCMe,Ph PCy; b PPhs
(t (t“E); ) S Ar = 2,4,6-MesCeH,

-bu

B C D E

Chart 1-1. Molybdenum (A) and ruthenium (B, C, D, and E) initiators.
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| Radical and Cationic Polymerization I

1991 @ Free-Radical Copolymerization of Acrylamides
G.M. Whitesides et al.

Ring-Opening Metathesis Polymerization I

1994 @ L. L. Kiessling et al.
RuC13

1995-1996 ® K. Nomura and R. R. Schrock R. H. Grubbs et al.
Mo(CHCMe,Ph)(N-2,6-Pr,CH;)(O'Bu), (Cy3P),RuCl,(CHPh) and (Ph;P),RuCl,(CHPh)

1997~ @  Synthesis and function of carbohydrate ROMP polymers
using trasition metal catalysts

2003 ® E. L. Chaikofet al.

Ru(CHPh)(CI),(IMesH,)(PCy3)
(IMesH, = 1,3-dimesityl-4,5-dihydromidazol-2-ylidene)

Figure 1-4. Time line of milestones in the development of carbohydrate ROMP

polymers.

1-5. Functional Group Tolerance of Early and Late Transition Metal
Olefin Metathesis Catalysts

For these three decades, Schrock, Grubbs and many other researchers have
studied the development (design, synthesis, and function) of transition metal
olefin metathesis catalysts.*’ The unique characteristics of using the
ruthenium-based catalysts was proposed in 2001 (Figure 1-5) by Trnka and Grubbs,
and they summarized the functional group tolerance of early and late transition
metal olefin metathesis catalysts and investigated the deactivation of catalysts by
functional groups in the substrate or solvent, including oxygen and water. As

shown in Figure 1-5, molybdenum, titanium, and tungsten catalysts are highly



Chapter 1

reactive toward cyclic olefins, although they also react with aldehydes, alcohols,
water, and acids. In comparison, ruthenium catalysts show highest reactivity
toward carbon-carbon double bonds than acids, aldehydes, and amides
functionalities etc. Therefore, in terms of usefulness (availability, ease of
synthesis, and functional group tolerance), ruthenium catalysts should have an
advantage over molybdenum catalysts. In fact, Kiessling succeeded in the
synthesis of carbohydrate ROMP polymers using ruthenium catalysts under
aqueous conditions (without unprotected hydroxyl groups of the carbohydrate).'

However, almost all reports by ruthenium catalysts did not described molecular

weight and molecular weight distribution of carbohydrate ROMP polymers.lg’ 2!

Titanium Tungsten Molybdenum Ruthenium

Acids Acids Acids Olefins A

Alcohols, Water Alcohols, Water Alcohols, Water Acids

Aldehydes Aldehydes Aldehydes Alcohols, Water | Increasing
Reactivity

Ketones Ketones Olefins Aldehydes

Esters, Amides Olefins Ketones Ketones

Olefins Esters, Amides Esters, Amides Esters, Amides

Figure 1-5. Functional group tolerance of early and late transition metal olefin

metathesis catalysts.

1-6. Precise Synthesis of Carbohydrate ROMP Polymers
In previous reports, Schrock has proven that ROMP with the molybdenum

initiators takes place in a living fashion.”’

With respect to the synthesis of
carbohydrate ROMP polymers, Schrock and Nomura reported that the living

ROMP technique, using a molybdenum initiator, is effective for the preparation of
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8

homopolymers and multi-block copolymers with uniform composition.' In

contrast, Grubbs reported that ROMP with ruthenium initiator took place in a

' It is believed that initiation

living fashion depending on the specific substrate.’
efficiency is dependent on substrates. Due to the easily handled ruthenium
catalysts, (high functional group tolerance, ever in water without unprotected
carbohydrate hydroxyl groups), carbohydrate ROMP polymers could be

synthesized easily. However, this polymerization did not indicate a living

polymerization with quantitative initiation.

1-7. Purpose on this work

In this thesis, the development of new synthetic methodology using
transition metal catalysts have been focused, resulting in the preparation of
carbohydrate ROMP polymers with precise control of primary structure (molecular
weight, composition) of carbohydrate ROMP polymers.

In a previous report, Schrock and Nomura proved that ROMP with

8  However, molecular

molybdenum initiators took place in a living fashion.'
weight and molecular weight distributions of the resultant polymers were
dependent on the solvent and the polymerization time. For this reason, it was
assumed the cleavage of the acetal group protected for sugar residue. In order to
resolve this problem, we tried to polymerize norbornenes containing
acetyl-protected carbohydrate residues under controlled conditions, (highly
purified monomers, anhydrous solvents, and a nitrogen atmosphere).*?

In previous reports using ruthenium initiators, Kiessling and co-workers did
not indicate that the polymerization took place in a living fashion, and the
preparation of multi-block copolymers have not been successful. For this reason,

we believed that deactivation of the ruthenium initiators occurred (for example;

reaction with hydroxyl group of carbohydrate, water, and oxygen). A new

10
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strategy to resolve this problem, was to try the ROMP of norbornenes containing
acetyl-protected carbohydrates under the same conditions with molybdenum
initiators. In addition, ruthenium catalyst C is known for indication of high
reactivity with cyclic olefins. We thus explored the possibility to synthesize

carbohydrate ROMP polymers using ruthenium catalyst C.

This thesis consists of two chapters with the theme of living ROMP of
norbornenes containing acetyl-protected carbohydrates using transition metal
catalysts as mentioned above. One is the synthesis of carbohydrate polymers
using ruthenium catalysts and the other is kinetic studies, the effect of catalysts
and solvents.

In chapter 2, the ROMP of norbornenes containing acetyl-protected
carbohydrates using ruthenium catalysts was conducted at various monomer/Ru
molar ratios and the molecular weight and M,, M,/M, values of resulting
carbohydrates polymers were studied by GPC. Preparation of multi-block ROMP
copolymers containing sugars conducted at various monomer/Ru molar ratios.

In chapter 3, since first order relationships between the propagation rate and
the monomer concentration were observed in all polymerization runs, we thus
estimated the k values (rate constants) for polymerization of 1 and 2 using
molybdenum and ruthenium initiators in various solvents at 25 °C. We also wish
to present our explored results to compare the initiator performances for ROMP
using well-defined molybdenum and ruthenium initiators under the same

conditions.

11
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2-1. Introduction

Carbohydrate functionalized polymers have attracted considerable attention,
because an unexpected both specific and strong affinity can be observed with
multivalent ligands that can be explained as clustering of binding into multivalent
arrays which lead to a greater affinity and specificity although the affinities with
monovalent interactions were extremely weak.'” In addition numerous cellular
recognition processes depend on protein-carbohydrate interactions, and these
lectin-ligand attachments are critical in fertilization, cell signaling, pathogen
identification, and the inflammatory response.”*

Many efforts have been known for the synthesis of polymers containing
carbohydrate residues using radical, cationic/anionic and coordination

polymerization.”

In particular, their synthesis by ROMP has attracted
considerable attention,”'* as a result of reports by Kiessling et al.'> demonstrating
that relatively linear polymers prepared by ROMP possessed structural properties
that favor clustering. On the other hand, however, reports concerning the precise
control of molecular weight, chain length, as well as the preparation of block
copolymers have been limited so far.'*!>-!"""?

It has been reported that living ROMP using a Schrock-type
molybdenum-alkylidene initiator, Mo(CHCMezPh)(N-2,6-iPr2C6H3)(OtBu)2 (A), 1s
an effective method of preparing homopolymers and multi-block copolymers
containing acetal-protected monosaccharide residues such as galactose, ribose,
and mannose.'* More recently, we reported in a preliminary communication that
this technique was also effective to prepare homopolymers and diblock
copolymers that contain acetyl-protected glucose [monosaccharide; i.e.,
2,3,4,6-tetra-O-acetyl-glucos-1-0O-yl 5-norbornene-2-carboxylate (1)] or maltose
[disaccharide; i.e., 2,3,6,2°,3°,4°,6’-hepta-Oacetyl-maltos-1-O-yl 5-norbornene-
2-carboxylate (2)] residues (Scheme 2-1) and that these polymerizations took

place not only in a living fashion (M,/M, = <1.2) but also with almost quantitative

16



Chapter 2

initiation.'®?°  Although examples for the synthesis of bioactive polymers via
ROMP using ruthenium initiators?'"** have been widely reported,’!¥1%:17:29-31 44
far as we know, examples comparing the initiator performances under the same
conditions (especially for ROMP) have been limited.?>*”  Moreover, descriptions
concerning the molecular weight distributions for resultant carbohydrate based
ROMP polymers prepared by ruthenium initiators have not been reported, except
in publications by Fraser and Grubbs'’ and Chaikof et al.'” A comparison of
these initiators under the same conditions should be important for the design of the
better initiators as well as for preparing desired polymers in a controlled fashion.
In this chapter, we thus wish to introduce the synthesis of homopolymers and
block copolymers containing carbohydrates by living ROMP using the ruthenium
initiators, Ru(CHPh)(CI)2(PCys3). (B; Cy = cyclohexyl) and
Ru(CHPh)(Cl),(IMesH;)(PCys) (C; IMesH; = 1,3-dimesityl-4,5-dihydromidazol-

2-ylidene) (Scheme 2-1 and Chart 2-1).

0 Ph CMe,Ph

% J\ 1) Mo-cat. in toluene n
/ Y
OR ) PhcHO

/—O

Mo-cat. = Mo(CHCMe,Ph)(N-2,6-Pr,C¢Hs)(0'Bu), RO Poly(1)-(2)

RO = AcOH,C AcOH,C
/ o /
OAL
O AcOH,C 4 PAC >0
OAc OAS OAc
AcO
Glu (1) OAC Mal (2)

AcO

Scheme 2-1

17
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Ar—N_ N-Ar
PCy3
\ C";R|u:CHPh " Ru=CHph
Mo=CHCMe,Ph  CI” | cl” |
(t-Bu)O / PCy; B PCys C
(tBu)O A Ar = 2,4,6-Me;CqHy

Chart 2-1. Molybdenum (A) and ruthenium (B and C) initiators.

2-2. Experimental

Materials
General procedure

All experiments were carried out under a nitrogen atmosphere in a Vacuum
Atmospheres drybox or using standard Schlenk techniques. All chemicals used
were of reagent grade and were purified by the standard purification procedures.
Polymerization grade toluene was distilled from sodium and benzophenone, stored
over sodium/potassium alloy in a drybox, and was then passed through an alumina
short column prior to use. Anhydrous grade of diethyl ether, CH,Cl,, THF, and
n-hexane (Kanto Kagaku Co. Ltd) were transferred into a bottle containing
molecular sieves (mixture of 3A, 4A 1/16, and 13X) in the drybox.
Commercially available CDCI; and toluene-ds were also transferred into a bottle
containing molecular sieves in the drybox, and were passed through an alumina
short column prior to use. Mo(CHCMe,Ph)(N-2,6-"Pr,CeH4)(O'Bu), (A),**** and

5-norbornene carboxylic acid chloride’*’

(endo/exo = 87/13) were prepared
according to the literature. Ru(CHPh)(C1)2(PCy3)2 (B) and
Ru(CHPh)(Cl),(IMesH;)(PCy3) (C) shown in Chart 2-1 were purchased from

Strem Chemicals, Inc., and were used in the drybox without further purification.
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All 'H- and ""C-NMR spectra were recorded on a JEOL JNM-LA400
spectrometer (IH, 399.65 MHz; 13C, 100.40 MHz), and were obtained in the
solvent indicated at 25 °C, with the chemical shifts given in ppm and referenced to
SiMes. HPLC grade THF was used for GPC and was degassed prior to use.
GPC were performed at 40 °C on a Shimazu SCL-10A using a RID-10A detector
(Shimazu Co. Ltd.) in THF (containing 0.03 wt% 2,6-di-tert-butyl-p-cresol, flow
rate 1.0 mL/min). GPC columns (ShimPAC GPC-806, 804 and 802, 30 cm x 8.0
mm¢) were calibrated vs polystyrene standard samples. FAB-MS spectra were
taken by using JEOL JMS-700 Mstation (JEOL Co.) with 3-nitrobenzyl alcohol
(NBA) matrix. Elemental analyses were performed by using PE2400II Series

(Perkin Elmer Co.).

Monomer synthesis

2,3,6,2°,3°,4°,6’-hepta-0-acetyl-maltos-1-0O-yl 5-norbornene-2-carboxylate (2).
Monomer 2 was prepared according to Scheme 2-2 from D-maltose as the

starting compound, and maltose peracetate and 2,3,6,2°,3°,4°,6’-hepta-O-acetyl-

36-38  Treatment of

maltose were prepared according to the established procedure.
maltose with acetic anhydride in pyridine afforded maltose octaacetate, which was
treated with hydrazine acetate in DMF to afford 2,3,6,2°,3°,4°,6’-hepta-O-acetyl-

maltose.
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Scheme 2-2. Synthesis of ester-type norbornene derivatives containing glucose (1), and

maltose (2).

2,3,6,2°,3°,4°,6’-hepta-O-acetyl-maltose: '"H (CDCl3): 6 5.54 and 5.25 (t, 1H),
5.39 and 5.35 (d, 1H), 5.28-5.33 (2H), 5.04 and 5.00 (t, 1H), 4.80-4.84 (1H),
4.68-4.74 (1H), 4.44-4.47 (1H), 4.20 and 4.19 (1H), 4.14-4.24 (2H), 4.03 and 3.98
(1H), 3.90-3.98 (2H), 3.76 or 2.79 (br., 1H, OH), 2.05 (s, 3H), 2.01 (s, 3H), 1.97 (s,
3H), 1.96 (s, 3H), 1.93 (s, 3H), 1.92 (s, 3H), 1.19 (s, 3H). "°C (CDCl;): & 170.5,
170.5, 170.4, 170.3, 170.2, 170.1, 170.0, 169.8, 169.8, 169.3, 169.3 (CH3CO-),
95.3, 95.2, 95.2, 95.1, 89.6, 89.4, 74.9, 74.8, 73.2, 73.3, 72.5, 72.1, 72.0, 71.9,
71.5, 71.4, 69.8, 69.7, 69.0, 68.2, 68.1, 67.8, 67.7, 67.2, 62.6, 61.2, 20.2-20.7
(CH5CO-).

A solution of 2-norbornene-5-carboxylic acid chloride (0.28 g, 1.79 mmol)
in THF (5 mL) was added dropwise over a period of 30 min into a THF solution

(40 mL) containing of 2,3,6,2°,3°,4°,6’-hepta-O-acetyl-maltose (1.03 g, 1.62
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mmol), triethylamine (0.19 g, 1.88 mmol) at -30 °C. The mixture was warmed
slowly to room temperature, and the solution stirred for 8 h. The white
precipitate was filtered off and the filter cake was washed with THF, and the
combined filtrate and the wash were placed in a rotary evaporator to remove THF
in vacuo. The resultant chunk was dissolved with a minimum amount of THF.
The dropwise addition of the THF solution into a vigorously stirred ice water gave
white granular chunks, which were dried in vacuo overnight. The resultant solid
was placed in the drybox, dissolved with a minimum amount of ether, and then
quickly passed through an alumina pad. The ether solution was evaporated in
vacuo to give a granular product. The crystallization from chilled (-30 °C)
dichloromethane/hexane gave white microcrystals (0.94 g, 1.24 mmol, Yield
76.5 %). Pure monomer 2 for ROMP was prepared by the repeated
recrystallization in the drybox (yield 43.0 %).
2,3,6,2°,3°,4°,6’-hepta-O-acetyl-maltos-1-O-yl 5-norbornene-2-carboxylate (2).
"H (CDCl3): resonances at 6.11, 6.06, 6.00, 5.83 and 5.64 (dd or m, 2H) are due to
the olefinic proton of norbornene (endo/exo-), resonances at 6 5.31 (d, 1H), 5.23
and 5.24 (1H), 5.57-5.71 and 5.17-5.29 (m, 2H), 4.86-4.98 (m, 2H), 4.76 (m, 1H),
4.34 and 4.37 (m, 1H), 4.11-4.17 (m, 2H), 3.91-3.98 (m, 2H), 3.84 and 3.87 (1H),
3.73 (m, 1H) are due to protons of the maltose residue (total 14H), resonances at
3.28,3.23,3.12, 3.03, 2.93, 2.89 (m), 2.83, 2.15 (m), 1.80 (m), 1.24-1.34, 1.17 are
due to the non-olefinic norbornene protons (total 7H, endo/exo mixture), 1.89-2.00
(m, 21H, CH3;CO). "*C (CDCl;): & 172.4, 172.3 (C=0), 170.3, 170.3, 170.2,
170.1, 169.8, 169.6, 169.3, 169.2 (CH3CO), 138.4, 138.1, 137.1, 132.2, 132.1,
131.5, 131.1 (olefinic), 95.5, 90.9, 75.0, 72.7, 72.3, 72.0, 70.4, 69.9, 69.6, 69.1,
68.4, 67.8, 62.3, 61.3 (due to the maltose residue), 49.5, 49.2, 46.2, 45.6, 45.5,
43.1, 43.0, 42.4, 29.0, 28.4 (five-membered ring), 20.4-20.7 (CH3CO-). Anal.
Calcd for C34H440:9: C, 53.97; H, 5.86. Found: C, 53.72; H, 5.80. FAB-MS

Calcd for C34H440,9 [M+Na]™ 779.2375, Found 779.2385.
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2,3,4,6-tetra-0-acetyl-glucos-1-0-yl 5-norbornene-2-carboxylate (1).

Basic synthetic procedure for 1 was the same as that for 2, except that
glucose was used in stead of maltose. Yield 70.6 % (from 2,3,4,6-tetra-O-acetyl-
glucose). 2,3,4,6-tetra-O-acetyl-glucos-1-O-yl 5-norbornene-2-carboxylayte (1).
'"H NMR (CDCl3): resonances at 6 6.14, 6.08, 6.03, 5.87 and 5.66 (m, 2H) are due
to the olefinic proton of norbornene (endo/exo-), resonances at 5.56 (t) and
5.35-5.45 (m, 1H), 4.98-5.20 (m, 3H), 4.20-4.24 (m, 1H), 4.00 and 4.03 (1H), 3.75
(m, 1H) are due to protons of the glucose residue (total 7H), resonances at 3.16,
3.07, 3.00, 2.93, 2.90 (m), 2.84, 2.18 (m), 1.84 (m), 1.24-1.40, 1.18 are due to the
non-olefinic norbornene protons (total 7H, endo/exo mixture), 1.93-2.00 (m, 12H,
CH;CO). '“C NMR (CDCl3): & 172.6, 172.5 (C=0), 170.4, 169.9, 169.2, 169.0,
168.9 (CH3;CO), 138.5, 138.1, 132.3, 131.1, 131.0, 91.4, 88.5, 72.6, 72.4, 70.0,
69.8, 67.8, 67.7, 61.4, 61.3, 49.6, 49.2, 46.4, 45.7, 45.5, 43.2, 43.0, 42.9, 42.4,
42.3,30.2, 29.1, 28.4, 20.4-20.6 (CH3CO). Anal. Calcd for Cy;H»30,;: C, 56.41;
H, 6.02. Found: C, 56.67; H, 6.11. FAB-MS. Calcd for C,,H,301; [MJrNa]+

491.1529, Found 491.1533.

Methods
General polymerization procedure with initiator B or C

A CH;Cl; solution (0.5 mL) containing initiator B or C (5.35 pumol) was
added in one portion to a rapidly stirred CH,Cl, solution (0.5-2.5 mL) containing
the prescribed amount of 1 at 25 °C, and the mixture was stirred for prescribed
time. The polymerization was quenched by adding ethyl vinyl ether in excess
amount after consumption of the monomers, and the reaction stirred for an
additional 1 h for completion (Scheme 2-3). The resultant solution was poured
dropwise to a stirred cyclohexane solution (~100 mL), affording pale yellow-grey
precipitates. The polymer was collected by filtration, and then dried in vacuo.

Yield >90 %.
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Scheme 2-3. ROMP of monomers 1-2 with initiators Ru(CHPh)(Cl),(PCy3), (B) or
Ru(CHPh)(CI),(IMesH,)(PCys3) (C).

Poly(1). 'H (CDCls): & 1.27 (br), 1.59 (br), 1.92, 1.97, 2.30-3.12 (br),
3.76, 3.97, 4.19, 5.02, 5.14, 5.29, 5.57. Resonances at 1.27, 1.59, 2.30-3.12 are
due to protons of the five-membered ring (ring-opened norbornene, total 7H),
signals at 1.92-1.97 are due to protons for the acetyl groups (12H), signals at
3.76-4.19 are due to protons of the glucose residue (total 3H), signals at 5.14-5.57
are due to protons of the glucose residue and olefinic protons of ring-opened
structure (3.79-5.61, total 6H). 'C (CDCls): 8 172.7, 172.2 (m, C=0), 170.3,
170.1, 169.8, 169.2, 168.9 (CH3CO), 134.6-135.1, 132.4-132.6, 13.05-130.7,
127.7-128.9, 125.8-125.9 (olefinic), 91.5, 91.3, 72.6, 72.4, 69.8-703, 67.4-67.6,
61.2, (due to the glucose residue), 47.8-48.3, 45.5-46.0, 42.4, 39.0-41.0, 37.3,
35.7, (five-membered ring), 20.3-20.5 (CH;CO).

Poly(2). 'H (CDCls): & 1.29 (br), 1.57 (br), 1.94, 1.96, 1.98, 2.03, 2.05,
2.30-3.12 (br), 3.79, 3.89, 3.96, 4.01, 4.16, 4.37, 4.80, 4.89, 5.26-5.33, 5.61.
Resonances at 1.29, 1.57, 2.30-3.12 are due to protons of the five-membered ring
(ring-opened norbornene, total 7H), signals at 1.94-2.05 are due to protons for the
acetyl groups (21H), signals at 3.79-4.89 are due to protons of the maltose residue

(total 7H), signals at 5.26-5.61 are due to protons of the maltose residue and
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olefinic protons of ring-opened structure (3.79-5.61, total 9H). '°C (CDCls): &
172.1-172.5 (m, C=0), 170.3, 170.1, 170.0, 169.8, 169.7, 169.5, 169.2 (CH;CO),
134.7, 132.9, 130.8, 129.8, 127.8-128.8, 125.9 (olefininc), 95.5, 91.1, 74.9, 72.7,
72.1-72.4, 71.0, 69.8, 69.3, 68.3, 67.8, 62.2, 61.1 (due to the maltose residue),
47.9,45.9,42.4,39.5-40.8, 37.3, 35.9 (five-membered ring), 20.3-20.7 (CH3;CO).

Preparation of di-block copolymers with initiator B

The basic procedure for the preparation of diblock copolymers was the same
as that for preparing the homopolymers except that a CH,Cl, solution (0.5 mL) of
monomer 2 (53.5, 80.3, or 107 umol) was added after consumption of former
monomer confirmed by independent homopolymerization runs (by both GPC and
'"H NMR). Yield 92->95 %. The syntheses of multi-block copolymers (runs
17-19) were the same as that for preparing the homopolymers except that a CH,Cl,
solution (0.3 mL) of 2nd monomer (53.5 umol) was added after consumption of
the first monomer confirmed by independent polymerization runs (by both GPC
and '"H NMR). The 3rd and 4th monomer (53.5 pumol in CH,Cl, 0.3 mL, runs
18-19) were also added to the reaction mixture in the same manner. Yield
92->95 %. Typical 'H-, ?C-NMR spectra for resultant poly(1-b/-2) are shown in

the Supporting Information.

2-3. Results and Discussion

Syntheses of ester-type norbornene derivatives that contain glucose
(2,3,4,6-tetra-O-acetyl-glucos-1-O-yl 5-norbornene-2-carboxylate, 1) or maltose
(2,3,6,2°,3°,4°,6’-hepta-O-acetyl-maltos-1-O-yl 5-norbornene-2-carboxylate, 2,
Scheme 2-2) residues were carried out according to our previous method by
esterification of 2,3,4,6-tetra-O-acetyl-glucose or 2,3,6-2°,3°,4,6’-hepta-O-

acetyl-maltose with norbornene carboxylic acid chloride (endo/exo = 87/13).'®
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These monomers 1-2 were purified by recrystallization from a mixture of CH,Cl,
and hexane chilled at -30 °C in a drybox, and were obtained as white microcrystals.
As pointed out previously, the monomer purity is an especially important
requirement for living polymerization using the molybdenum system e.g.
Mo(CHCMezPh)(N-2,6-iPr2C6H3)(OtBu)2 (A),'"'® as they are very sensitive to
moisture and oxygen. The polymerization of 1-2 using the initiator A in toluene
proceeded in a living manner and the resultant polymers [poly(1), poly(2)]
possessed M, values that were very close to those calculated based on
monomer/Mo molar ratio with narrow molecular weight distributions (My/M, =

<1.2) in all cases.'®

2-3-1. Living ROMP of norbornenes containing sugars by
Ru(CHPh)(CI1)2(PCy3), (B) initiator
Preparation of homopolymers with B

Polymerizations of 1-2 in CH,Cl; using Ru(CHPh)(C1),(PCy3)2 (B) initiator
were conducted at various monomer/Ru molar ratios under the same conditions
(highly purified monomer, anhydrous solvent, under a nitrogen atmosphere in the
drybox) for ROMP with molybdenum initiator (A). These homopolymers were
prepared by adding n equivalents of monomer to the initiator, and the polymers
were cleaved from the metal with ethyl vinyl ether, a method that is widely
employed with initiators of this general type.

As summarized in Table 2-1, these polymerizations were completion in all
cases, with the resultant materials [poly(1) and poly(2)] possessing narrow
molecular weight distributions in all cases (My/M, = 1.04-1.17) confirmed by GPC
in THF. It was revealed that the polymerization of 2 with B required a longer
reaction time (15-25 h was finished for completion), whereas the corresponding
polymerization using the molybdenum initiator (A) in toluene was finished within

1 h,' although endo monomers from a mixture of isomers (endo/exo = 87/13)
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often take longer to polymerize than the corresponding exo isomers probably due
to an unfavorable steric interaction between the monomers and initiating

39-41 . . .
The M, values increased at higher monomer/Ru molar ratios as

species.
shown in Figure 2-1, and were close to those calculated based on monomer/Ru
molar ratios. It seems likely that the polymerization proceeds in a living fashion
with high initiation efficiency although the M, values shown in Table 2-1 are those
measured by GPC vs polystyrene standards. This is because the observed M,
values determined by GPC for polymers prepared using the molybdenum initiator
(A) were in good agreement with those calculated based on monomer/Mo molar
ratio which was confirmed by MALDI-TOF mass spectrometry, and this is also
because that the M, value for poly(1) based on the integration ratios estimated by
"H NMR spectra (in DMSO-ds at 25 °C, integration of polymer end groups vs
internal olefin resonances'’) was in good agreement with that calculated based on
the monomer/Ru molar ratio (run 2), although this method is somewhat difficult to
estimate precisely. Based on these results, it is thus suggested that the

polymerization of monomer 1 and 2 with B took place in a living manner with high

initiation efficiency.
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Table 2-1. ROMP of monomers 1-2 with B.?

Run Monomer Equiv.b Time M., MY MM Yield

No. /h (caled) (GPC) (GPC) /%
x10*  x10™
1 1 10 2 048 077 117  >95
2 1 20 2 095 113" 1.16 94
3 1 25 3 118 144 116  >95
4 1 30 3 142 167 115 92
5 1 40 4 189  2.09 115  >95
6 2 10 15 077 092 112 94
7 2 15 15 115 127 110  >95
8 2 20 15 153 148 107  >95
9 2 25 25 190 1.89  1.05  >95
10 2 30 25 228 224 104 92
11 2 40 25 3.04 275 1.04  >95

* Conditions: CH,Cl, 1.0 mL, 25 °C, Ru 5.35 umol (for 1, runs 1-5) or 3.30 pmol (for 2,
runs 6-11); ° Initial monomer/Ru molar ratio; ¢ Calculated based on monomer/Ru
molar ratio; ¢ GPC data in THF vs polystyrene standards; °© Isolated yield; ' M, =
1.24x10* (calculated based on '"H NMR spectrum in DMSO-d6).
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Figure 2-1. Plots of M,, M\/M, vs monomer/Ru molar ratios (based on results in Table
2-1) for the ROMP of 1 (®) or 2 (O) with B in CH,Cl, at 25 °C.

Post-polymerization of norbornenes containing glucose 1 with B

In order to confirm that the polymerizations initiated with B were living, in
particular to confirm that the polymer-chain end was still living after consumption
of the monomer, a post polymerization was conducted after the consumption of the
initial monomer. Monomer 1 (20 equiv.) was added to the reaction mixture after
consumption of 20 equiv. of 1, and the M, value (Table 2-2, run 12) for resultant
poly(1) was the same as that calculated from the monomer/Ru molar ratio and to
that obtained by the polymerization of 40 equiv. of 1 (run 5). As shown in Figure
2-2, the elution peak in the GPC trace (run 2, M, = 1.13><104, My/M, = 1.16)
shifted towards the higher molecular weight region maintaining a narrow peak
width (run 12, M, = 2.10x10%, My /M, = 1.15) after the consumption of the 2nd
monomer, and the GPC trace for poly(1) after the post polymerization was the
same as the corresponding homopolymer obtained from 40 equivalents of 1 (run 5,

M, = 2.O9><104, My/M, =1.15). Based on these results, it is clear that the present
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polymerization takes place in a living fashion.

Table 2-2. Post-polymerization of monomer 1 with B.*

Run  Equiv"  Time M, MY MJM,® Yield®

No. /h  (caled.) (GPC) (GPC) /%
x10%  x10™

2 20 2 0.95 1.13 1.16 94

5 40 4 1.89 2.09 1.15 >95

12f 20420 244 1.89 2.10 1.15 >08

* Conditions: CH,Cl, 1.0 mL, 25 °C, Ru 5.35 umol; ® Molar ratio based on
monomer/Ru; ¢ Calculated value based on monomer/Ru molar ratio; ¢ GPC data in
THF vs polystyrene standards; °© Isolated yield; "2nd monomer (107 umol in CH,CI,

0.5 mL) was added after consumption of the 1st monomer (run 12).

run 12 ,\ run 2
M, =2.10x10* | |\ M, = 1.13x10*
MJM,=1.15 || | M,/M, = 1.16

24 26 28
Time/ min

Figure 2-2. GPC traces for post-polymerization of 1 with B in CH,Cl, at 25 °C (runs 2
and 12, Table 2-2).
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Preparation of multiblock copolymers with B

Since the present polymerization promoted by B proceeds in a living manner,
syntheses of various block copolymers were investigated by adding monomers
sequentially after consumption of the previous monomer. As shown in Table 2-3,
various di-, tri- and tetra-block copolymers consisting of 1 and 2 could be
prepared under these polymerization conditions. The molecular weight
distributions for resultant copolymers were narrow in all cases (My/M, =
1.05-1.19), and the M, values were close to those calculated based on monomer/Ru
molar ratios. As exemplified in Figure 2-3, the elution peaks in the GPC traces
shifted toward higher molecular weight values upon the addition of monomers
maintaining narrow peak widths (from the homopolymer to the tetra-block
copolymer). This result clearly indicates that catalyst deactivation was not
observed during the polymerization under these well controlled (perfectly
anhydrous, under inert atmosphere) conditions. Although preparation of
multi-block ROMP copolymers containing sugars by the molybdenum initiators

"-1% this is still a rare example of preparing block copolymers

were known by us,
containing carbohydrates especially using the ruthenium initiator (B) which is
rather more easy to handle in comparison with the molybdenum allkylidene

initiator (A) .
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Table 2-3. Preparation of multi-block copolymers.*

Run Monomer EquiV.b Time M.,C M, My /M,S Yield®
No. 1%2M394™ 13920394 /R (caled) (GPC) (GPC) /%

x10%  x10™
13f 1/2 20/10 217 171 207  1.08 92
14f 1/2 20/15 2/17 208 236  1.05  >95
15 1/2 20/20 2/17 246 275 104  >95
16 1 15 2 071 1.02 1.16 92
178 1/2 15/10 2/19 147 181 113 >95
188 1/2/1 15/10/10  2/19/4 194 229 119  >95
198 1/2/172 15/10/10/10 2/19/4/24 2.70 272 1.13  >95

* Conditions: CH,Cl, 1.0 (runs 13-15) or 0.6 (runs 16-19) mL, 25 °C, Ru 5.35 umol (for
1); ° Molar ratio based on monomer/Ru; ¢ Calculated value based on monomer/Ru
molar ratio; ¢ GPC data in THF vs polystyrene standards; °© Isolated yield; ' 2nd
monomer (53.5, 80.3, and 107 umol in CH,Cl, 0.5 mL) was added after the consumption
of the 1st monomer (runs13-15); # 2nd monomer (53.5 pmol in CH,Cl, 0.3 mL), 3rd
monomer (53.5 pmol in CH,Cl, 0.3 mL, runs 18-19), and 4th monomer (53.5 pmol in

CH,Cl, 0.3 mL, run 19) were added after the consumption of the previous monomer.

c) b)
Y a)
d);’,-"-"‘-.‘. i a)run 16
v b) run 17
i c)run 18

A d) run 19

22 24 26
Time/ min

Figure 2-3. GPC traces for synthesis of multi-block copolymers containing 1-2 with B
in CH,Cl, at 25 °C (runs 16-19, Table 2-3).
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2-3-2. ROMP of Norbornenes Containing Sugars by
Ru(CHPh)(Cl);(IMesH;)(PCy3) (C) Initiator.

Polymerizations of 1-2 in CH;,Cl; using Ru(CHPh)(Cl),(IMesH,)(PCys) (C)
initiator were preformed at various monomer/Ru molar ratios, and ethyl vinyl
ether was used to terminate the polymerization. These polymerizations were
completed within 1 h in all cases (Table 2-4), whereas the polymerization of 2 with
B required 15 h for complete monomer consumption under the same conditions
(run 8 vs runs 24-25). Resultant polymers possessed higher M, values than those
calculated based on monomer/Ru molar ratios in all cases and the molecular
weight distributions were somewhat broad (My/M, = 1.65-1.98), whereas the M,
values obtained by B were almost identical to those calculated from the
monomer/Ru molar ratio with narrow distributions. In addition, these values (M,,
M/M,) were not affected by the initial monomer concentration, or the time course.
The probable reason for the higher M, values coupled with the broad distributions
is the rapid propagation with the imperfect initiation efficiency under these
polymerization conditions.?®

The polymerizations of 1 by C were performed at varying monomer/Ru
molar ratios (Table 2-5). The M, value for poly(1) increased upon increasing the
monomer/Ru molar ratios although the molecular weight distributions were
somewhat broad in all cases (My/M, = 1.49-1.94). It should be noted that the
polymerization with 1000 equivalent of 1 completed after 1 h (run 32), and the
polymerization completed after 2 h even at lower monomer concentration
conditions (run 38). These results clearly show that high molecular weight
ROMP polymers containing carbohydrate residue can be prepared by using this
technique,’’ since the ruthenium initiator (C) exhibits better reactivity toward
cyclic olefins in addition to its tolerance of impurities (moisture and oxygen)
compared to the molybdenum initiator (A). Reasons why the M, values vs

polystyrene standards for resultant poly(1) were similar to the calculated values in
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the polymerizations with 1000 equivalents of 1 are not clear at this moment.*?

Table 2-4. ROMP of monomer 1-2 with C.?

Run Monomer [M]ob Time M. MJMS Yield

No. mmol/mL /h (GPC) (GPC) /%
x107 x10™
20 1 10.7 1 436 194 92
21 1 10.7 3 436 195 93
22 1 3.57 1 429 188  >95
23 1 3.57 3 448 198  >95
24 2 6.60 1 418 195  >95
25 2 6.60 3 413 1.8  >95
26 2 2.20 1 398  1.65 94
27 2 2.20 3 415 1.82 94

* Conditions: CH,Cl, 1.0 (runs 20-21, 24-25) or 3.0 (runs 22-23, 26-27) mL, 25 °C, Ru
5.35 pmol (for 1, runs 20-23) or 3.30 umol (for 2, runs 24-27), monomer (1 or 2)/Ru = 20
(molar ratio), calculated M, (based on molar ratio) = 9500 (for 1), 1.53x10* (for 2),
respectively; ° Initial monomer concentration mmol/mL; © GPC data in THF vs

polystyrene standards; ¢ Isolated yield.

1) Ru-cat. in CHyCl,
(0] Ph
2 NN CH,
/i OR > :
Ru cat. =B o)
RO
Poly(1)-(2)
RO = AcOH,C AcOH,C
OAQ { OAQ / Ar—N. N—A
O AcOH,C O r r
AcO o) (0] T
OAc OAC OAc Cl"'Ru:CHPh
AcO cl” |
Glu (1) OAC  Mal (2) PCy; C

Ar = 2,4,6-Me3CeH2
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Table 2-5. ROMP of monomer 1 with C.*

Run Equiv’  [M]¢ M8 M  M,/M,S  Yield'
No. mmol/mL (caled.) (GPC) (GPC) /%
x107 x10%  x10™
28 10 10.7 0.48 2.67 1.84 92
20 20 10.7 0.95 4.36 1.94 92
29 30 10.7 1.42 4.78 1.81 >95
30 40 10.7 1.89 5.21 1.81 >95
31 100 10.7 4.70 15.1 1.82 >95
32 1000 10.7 46.9 45.2 1.49 >95
33 10 3.57 0.48 2.48 1.77 92
22 20 3.57 0.95 4.29 1.88 >95
34 30 3.57 1.42 4.82 1.71 >95
35 40 3.57 1.89 5.23 1.84 >95
36 100 3.57 4.70 15.1 1.66 >95
37 1000 3.57 46.9 29.7 1.48 ---&
38 1000 3.57 46.9 50.9 1.49 >95

Chapter 2

* Conditions: CH,Cl, 1.0 (runs 20, 28-32) or 3.0 (runs 22, 33-38) mL, 25 °C, Ru

0.107-10.7 pmol, 1 107 pmol ;

concentration mmol/mL; ¢ Calculated by monomer/Ru molar ratio;

vs polystyrene standards;

"solated yield;

34

® Tnitial monomer/Ru molar ratio;

¢ Initial monomer
¢ GPC data in THF

¢ Polymerization did not complete.
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times slower than that with B (at 25 °C) in CH,Cl,. Because the initiation
rate was also dependent on the initial monomer concentration, it seems likely

that this would be the reason for the observation in this article.
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2-5. Supporting Information

"H NMR Spectra (in CDCl; at 25 °C) for monomer 1, and poly(1)
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13C NMR Spectra (in CDCl; at 25 °C) for monomer 1, and poly(1)
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"H NMR Spectra (in CDCl5 at 25 °C) for monomer 2, and poly(2)
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13C NMR Spectra (in CDCl5 at 25 °C) for monomer 2, and poly(2)
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"H and '3C NMR Spectra (in CDCl5 at 25 °C) for poly(1-b/-2)
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Chapter 3
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3-1. Introduction

In the previous chapter, the ROMP technique using ruthenium Ru(CHPh)(CI),(PCys3),
(B) and Ru(CHPh)(Cl),(IMesH,)(PCys3) (C) initiators was shown to be an effective method of
preparing homopolymers and multi-block copolymers that contain acetyl-protected maltose
(disaccharide) or glucose (monosaccharide) residues. Resultant polymers containing
carbohydrate were the precise control and very high of molecular weight. The ROMP with B
took place not only in a living fashion (M,/M, = <1.17) but also with almost quantitative
initiation.

The living ROMP technique with a Schrock-type molybdenum-alkylidene initiator,
Mo(N-2,6-'Pr,CsH3)(CHCMe,Ph)(O'Bu), (A), has been reported to be an effective method for
preparing homopolymers and multiblock copolymers containing acetal-protected
monosaccharide residues such as galactose, ribose, and mannose.! More recently, we reported
that this technique is also effective for the preparation of homopolymers and diblock
copolymers that contain acetyl-protected glucose [monosaccharide; i.e., 2,3,4,6-tetra-O-acetyl-
glucos-1-0O-yl 5-norbornene-2-carboxylate (1)] or maltose [disaccharide; i.e., 2,3,6,2°,3°,4°,6 -
hepta-O-acetyl-maltos-1-O-yl 5-norbornene-2-carboxylate (2)] residues (Scheme 3-1) and that
these polymerizations take place not only in a living fashion [weight-average molecular
weight/number-average molecular weight (M,,/M,) < 1.2] but also with almost quantitative
initiation.>®  Although examples of the synthesis of bioactive polymers by ROMP with

4—

. C e . 17 . C .
ruthenium initiators are widely known,” " as far as we know, examples comparing the initiator

performances under the same conditions (especially for ROMP) are limited."® >’

0 Ph CMe,Ph
% J\ 1) Mo-cat. in toluene n
2 OR 2) PhCHO "
/—O

RO

Mo-cat. = Mo(CHCMe,Ph)(N-2,6-Pr,CgH3)(O'Bu), Poly(1)-(2)
RO = AcOH,C ACOH,C
/
OAL o /
rd o] ACOH,C 0AC ()
0]
OAc oAS OAc
AcO
Glu (1) OAC Mal (2)
Scheme 3-1
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A comparison of these initiators under the same conditions is important for designing
better initiators and for preparing desired polymers in a controlled fashion. Therefore, in this
chapter, we present our results comparing the performances for ROMP initiated with

welldefined molybdenum (A) and ruthenium (B and C) initiators under the same conditions

(Chart 3-1).
Ar—N_ N-Ar
PCY3
N " Ru=cHPh " Ru=cHpn
..Mo=CHCMe,Ph  CI” | CI” |
(+Bu)0"'y PCy; B PCy; C
(t-Bu)O A Ar = 2,4,6-Me;CgH,
Chart 3-1. Molybdenum (A) and ruthenium (B and C) initiators.
3-2. Experimental
Materials

The molecular structures of ester-type norbornene derivatives containing carbohydrates

are shown in Scheme 3-2. Synthesis procedures for monomers 1-2 were described in chapter 2.

HOH,C ACOH,C ACOH,C
OHO 0 OACO A OA((:) OH
H ACcOH,C
HOH,C o o (CH3CO)2O AcOH,C o o H,NNH,-CH3CO,H 2 o o
OH OH W OAC OAc - OAC OAc
DMF
AcO
HO OH  Maltose AcO OAc OAc
o
RO Mu
= O
AcOHC 0 / endo/exo
Glu (1
acor,e M acomye O@'“O ; OR Et,0/ NEt;
OASS o <OA9>/ OAc
AcO AcO 1)-(2
¢ OAc OAc Mal (2) ( ) ( )

Scheme 3-2. Synthesis of ester-type norbornene derivatives containing glucose (1), and maltose (2).
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Methods

General procedures with initiators B or C are described in chapter 2.
General polymerization procedure with initiator A (Scheme 3-1)

A toluene solution (0.5 mL) containing initiator A (5.35 pumol) was added in one
portion to a rapidly stirred toluene solution (2.5-11.5 mL) containing the prescribed amount of
1 at 25 °C, and the mixture was stirred for reported time. The polymerization was quenched by
adding excess PhCHO after consumption of the monomers, and was stirred for an additional 1
h for completion, although termination usually takes place rapidly. The resultant solution was
poured dropwise to a stirred cyclohexane solution (~100 mL), affording white - pale yellow

precipitates. The polymer was collected by filtration, and was then dried in vacuo. Yield

>90 %.

General procedure for NMR scale polymerization of 1-2 with B or C

Typical experimental procedures are as follows. Monomer 1 (107 pmol in CDCl; or
toluene-dg 0.8 mL) in a NMR tube was capped with a rubber septum in the drybox, and was
then placed in a liquid nitrogen dewar bath. Initiator B or C (5.35-1.78 pumol) dissolved in
CDClI; or toluene-dg (0.2 mL) was then added slowly to the above NMR tube via a syringe.
The sample was then placed directly into the NMR instrument kept at 25 °C. The
polymerization was monitored by 'H NMR spectroscopy, and the monomer conversion during
the prescribed time was estimated based on the integration ratio of the (cyclic) olefinic proton
resonances (at 6.14-5.64 ppm) and the resonances in the acetyl group (at 2.05-1.92 ppm). The

reaction time used for the calculation was that at the middle of accumulation.
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3-3. Results and Discussion

3-3-1. Time Course and Monomer Concentration Dependences for the ROMP with
Mo(N-2,6-'Pr,C¢Hz)(CHCMe;Ph)(O'Bu),  (A), Ru(CHPh)(Cl)»(PCys), (B), and
Ru(CHPh)(Cl);(IMesH;)(PCys3) (C) Initiators using GPC Analysis

ROMP of 1-2 with B and C in CH>Cl;

The dependences of the time course for the polymerizations of 1-2 with B under two
initial monomer concentration conditions (monomer/Ru molar ratio = 20, in CH,Cl; at 25 °C)
is summarized in Table 3-1 and Figure 3-1. As described below, the polymerizations of 1 took
place rather more efficiently than those of 2, with narrow molecular weight distributions in all
cases (My/M, = 1.07-1.16). The degree of polymerization at a certain time was strongly
affected by the initial monomer concentration, and the polymerization of 2 was not completed
even after 6 h (run 62). Since we reported that these polymerizations with the molybdenum
initiator (A) in toluene were completed within 30 min even at low monomer concentration
conditions, as described below,” the optimization of the monomer concentration is thus key to
the completion of the polymerization especially when using the ruthenium initiator B.

Based on the results shown below (Table 3-1 and Figure 3-1), time-course plots vs
calculated In[M]/[M]y values® in particular at relatively low monomer conversion conditions
(in polymerization runs started at low initial monomer concentrations) were investigated in
order to estimate the propagation rate as well as the order of monomer concentration toward the
propagation rate (Figure 3-2).** Linear first order dependencies were observed in both cases
(marked with B for 1, and @ for 2, respectively), clearly indicating that first order
dependencies between the propagation rates and the monomer concentrations are present. Rate
constants, k values (by B in CH,Cl, for 1-2 at 25 °C), were estimated [k craciz) = 8.6x107
min’, ka®,cracn) = 2.5% 10 min™' for the ROMP of 1-2, respectively] based on these results, as
a first order monomer concentration dependence toward the propagation rates were observed.”
Attempts to estimate the monomer concentration dependence as well as k values for
polymerization of 1 with C was unsuccessful, as the polymerization was almost complete

within 15 min (runs 50-52, under the same conditions as in runs 45-49, Table 3-1).
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Table 3-1. Time course for ROMP of monomer 1-2 initiated with B or C. ?

Chapter 3

Run Monomer Ru M]> Time M, MJM,° Conv® Yield®
No. mmol/mL /min (GPC) (GPC) (‘HNMR) /%
x107 x10™ / %
39 1 B 10.7 5 040 1.14 _—
40 1 B 10.7 10 048  1.15 —
41 1 B 10.7 20 063 1.12 60 —
42 1 B 10.7 40 077 112 68 .
43 1 B 10.7 60 094  1.11 80 (94)"
2 1 B 10.7 120 1.13  1.16 >97 94
44 1 B 10.7 180 1.13  1.16 >97  >95
45 1 B 3.57 30 048  1.14 40 _—
46 1 B 3.57 60 065 1.16 50 —
47 1 B 3.57 120 076  1.12 _—
48 1 B 3.57 180 092  1.14 81 —
49 1 B 357 360 107  1.15 >97  >95
50 1 C 3.57 5 320 1.63 87 _—
51 1 C 3.57 15 390  1.66 93 —
52 1 C 3.57 30 435 1.86 >97  >95
22 1 C 3.57 60 429  1.88 >97  >95
53 2 B 6.60 30 0.71 1.13 48 —
54 2 B 6.60 60 084 1.12 58 —_
55 2 B 6.60 120 1.00  1.12 66 —
56 2 B 6.60 180 125  1.09 85 —
57 2 B 6.60 360 140  1.11 95 >95
58 2 B 6.60 720 142  1.10 >97  >95
8 2 B 6.60 900 148  1.07 >97  >95
59 2 B 2.20 30 0.51 1.11 34 —
60 2 B 2.20 60 0.61 1.11 40 —
61 2 B 2.20 180 0.89  1.13 57 —
62 2 B 220 360 1.08  1.12 72 _—

* Conditions: CH,Cl, 1.0 (runs 2, 8, 39-44, 53-58) or 3.0 (runs 22, 45-52, 59-62) mL, 25 °C, Ru 5.35

pmol (for 1) or 3.30 pumol (for 2), monomer/Ru = 20 (molar ratio), calculated M, (based on molar ratio)

= 9500 (for 1) or 1.53x10* (for 2), respectively; °Initial monomer concentration mmol/mL; °GPC data

in THF vs polystyrene standards; ¢ Conversion estimated by 'H NMR; °© Isolated yield; ' The

polymerization did not complete, and the yields were based on a mixture of the monomer and polymer.
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Figure 3-1. Time-course plots vs M, values for the polymerization of (a) 1, (b) 2 with B in CH,Cl, at
25 °C (molar ratio of monomer/Ru = 20). The initial monomer concentration: 1.07x10" (®, monomer
1), 3.57x107 (M, monomer 1), 6.60x107 (O, monomer 2), and 2.20x107 (4, monomer 2) mmol/mL,

respectively.
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Figure 3-2. Time-course plots vs In[M]/[M], for the polymerization of 1-2 with B in CH,Cl, at 25 °C
(molar ratio of monomer/Ru = 20) based on results shown in Figure 3-1 and Table 3-1. The initial
monomer concentration, [M]o: 3.57x10 (M, monomer 1), 2.20x10” (4, monomer 2) mmol/mL,

respectively.

ROMP of 1-2 with A, B, and C in toluene

In order to compare the initiator performances, the polymerizations of 1-2 using the
molybdenum (A) and ruthenium (B, C) initiators were conducted in toluene (Table 3-2).>* The
polymerization with A using 20 equivalents of 1 was complete within 15 min under the same
initial monomer concentration conditions (runs 63-64) that were performed with B and C in
Table 3-1 (in CH,Cl,), and the polymerization was complete within 30 min even at the lower
initial monomer concentrations (runs 66-67). The resultant polymers, poly(1), possessed
narrow molecular weight distributions in all cases (My/M, = 1.11-1.19), and the M, values
were very close to those calculated based on the monomer/Mo molar ratios, indicating that the
present polymerization took place in a living manner with quantitative initiation as previously
communicated." Incomplete polymerization effected with B under the same conditions
(conversion 33 % by 'H NMR, run 68), indicate that A is more efficient initiator than B for this
polymerization. Reaction of 2 with A was complete within 60 min even at low initial

monomer concentrations (runs 70-73), whereas the polymerization using both B and C was not

51



Chapter 3

complete under the same conditions (runs 74-75). These results also clearly indicate that A is
more efficient initiator than B, C for the present polymerization.

Table 3-3 summarizes results concerning time course dependences for polymerizations
of norbornenes containing glucose (1) and maltose (2) residues initiated by the molybdenum
(A) or by the ruthenium (B) complex in toluene.”” As shown in Figure 3-3,*' the first order rate
plots between the propagation rates and the monomer concentrations were observed in all cases.
Therefore, the rate constants for polymerization by A in toluene are estimated as follows:
K1(A toluene) = 1.5x10" min™! and Ka(A toluene) = 6.5x10 min™'. The rate constants at 25 °C with B
could also be estimated in the same manner [k toluene) = 3.0x107 min'l, Ka(B,toluene) = 1.2% 107
min'], and these values are slightly smaller than those when A is used as well as those
estimated in CH,Cl, [ki®,craci) = 8.6% 10° min’l, kam®,craci) = 2.5% 107 min'l, based on results

in Table 3-1 and Figure 3-2].7
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Table 3-2. ROMP of monomers 1-2 initiated with A, B or C in toluene at 25 °C.*

Run Monomer Initiator [M]ob Time M, My /M, Conv.d  Yield®

No. /min (GPC) (GPC) (‘H-NMR) /%
x107 x10™ 1%
63 1 A 107 15 117 111 92
64 1 A 357 15 106  1.13 90
65 1 A 178 15 097  1.14 (80)"
66 1 A 178 30 1.09 1.8 >97 90
67 1 A 089 30 1.14  1.19 >97 90
68 1 B 178 30 039 115 33 —
69 1 C 178 30 402  1.56 96 >95
70 2 A 6.60 60 124  1.19 90
71 2 A 220 60 136 111 90
72 2 A 1.10 60 145 1.5 >97  >95
73 2 A 055 60 147  1.13 >95
74 2 B 1.10 60 040  1.18 26 _—
75 2 C 110 60 269 127 89 _—

* Conditions : toluene 1.0 (runs 63, 70), 3.0 (runs 64, 71), 6.0 (runs 65-66, 68-69, 72, 74-75) 12.0 (runs
67, 73) mL, 25 °C, Mo or Ru 5.35 umol (for 1, runs 63-69) or 3.30 umol (for 2, runs 70-75),
monomer/Ru = 20 (molar ratio), M, (calculated based on the molar ratio) = 9500 (for 1) or 1.53x10* (for
2); ° Initial monomer concentration mmol/mL; © GPC data in THF vs polystyrene standard;

Conversion estimated by '"H NMR; ° Isolated yield; ' The polymerization did not complete, and the

yields were based on a mixture of the monomer and polymer.
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Table 3-3. ROMP of monomers 1-2 initiated with A or B in toluene.?

Run Monomer Initiator Time Mnb MW/Mnb Conv.®  Yield®

No. /min  (GPC) (GPC) (‘"H-NMR) /%
<10 1%
76 1 A 5 0.55 1.1 55
77 1 A 10 082  1.16 72
65 1 A 15 097 1.14 (80)°
66 1 A 30 1.09 1.18  >97 90
68 1 B 30 039  1.15 33
78 1 B 60 046  1.17 43
79 1 B 120 056  1.19 50
80 1 B 240 072 1.17 68
81 2 A 15 068  1.17 45
82 2 A 30 093  1.15 62
72 2 A 60 145 115  >97  >95
83 2 B 30 035  1.19 22
74 2 B 60 040  1.18 26
84 2 B 120 045  1.19 30
85 2 B 360 071 1.17 47

* Conditions: toluene 6.0 mL, Mo or Ru 5.35 pumol (for 1, runs 65-66, 68 76-80) or 3.30 pumol (for 2,
runs 72, 74, 81-85), monomer/Ru = 20 (molar ratio), M, (calculated based on the molar ratio) = 9500
(for 1) or 1.53x10* (for 2), respectively, 25 °C; ° GPC data in THF vs polystyrene standard; °©

Conversion estimated by 'H NMR; ¢ Isolated yield; ¢ Incomplete polymerization.
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Figure 3-3. Time-course plots vs In[M]/[M], for the polymerization of 1-2 with A (Aor A) or with B
(®or O) in toluene at 25 °C (molar ratio of monomer/Ru or Mo = 20) based on results shown in Table
3-3. The initial monomer concentration, [M]o: 1.78% 102 (monomer 1, Aor @), 1.10% 102 (monomer 2,

Aor O) mmol/mL, respectively.

3-3-2. Time Course and Monomer Concentration Dependences for the ROMP with
Mo(N-2,6-'Pr,C¢H3)(CHCMe,Ph)(O'Bu),  (A), Ru(CHPh)(CI)»(PCys), (B), and
Ru(CHPh)(Cl),(IMesH;)(PCy3) (C) Initiators using NMR Analysis
ROMP of 1-2 with B in CDCl;3

Figure 3-4 shows time-course plots for the polymerization of 1 with B in CDCl;
monitored by "H NMR measurements (integration ratio of olefinic resonances vs acetyl group),
and polymerization in toluene-ds was also examined for comparison. The polymerization in
CDCl; (marked with @) took place more efficiently than in toluene-ds (marked with +) under
the same conditions (the initial monomer concentration 1.07x10" mmol/mL). Based on the
time-course plots vs In[M]/[M]y shown in Figure 3-5 (calculated based on Figure 3-4), the rate
constants, k values, at 25 °C were estimated as follows: ki cpciz) = 3.8 102 min'l, K1(B,toluene) =
3.0x10” min"'. The estimated k values in toluene-dg [shown in Figure 3-5 (b)] were the same
as those in toluene (shown in Figure 3-3), and this indicates that the result was reproducible

irrespective of methods employed (calculated conversion based on the M, value determined by
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GPC or based on the integration ratio of the olefinic resonances in the 'H NMR spectra). In
addition, the gradient was independent of the initial monomer concentrations [the observed
Kig.cpciz) values were 3.83x107 min”' (marked with @), and 3.68x10™ min™' (marked with H)
at the initial concentration of 1.07x10™", 3.57x10% mmol/mL, respectively], and the k value
observed in CDCl; is the largest among these conditions employed (CH,Cl,, toluene, CDCls).
Polymerization of 2 in CDCl; using the ruthenium initiator (B) was also monitored by
'H NMR spectra [Figure 3-6 (a), time course plots vs the monomer conversion], and the time-
course plots vs In[M]/[M]y [calculated based on the conversion, Figure 3-6 (b)] showed a first
order dependence between the rate and the monomer concentration, and the slope was
independent of the starting monomer concentrations. The k value estimated from these results

is 1.3x107 min™', which is smaller than that for polymerization of 1 but still larger than that for

2 in CH,Cl,.

100 ee S . "

50 ,:.:l! +
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>

-
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Figure 3-4. Time-course plots vs the monomer conversion for the polymerization of 1 with B in
toluene-ds (+) or in CDCl; (®, M) monitored by '"H NMR spectra (monomer/Ru molar ratio = 20).

Initial monomer concentration: 1.07x10™" (@, +), 3.57x10 (M) mmol/mL, respectively.

56



Chapter 3

0 0 b)
1.0 +
go -04 =
=, =
= = 201 +
= =
£ .08 £
3.0
in CDCl3 in toluene-dg
_ l | ) | |
124 10 20 25 “+9% 200 400 600
Time/ min Time/ min

Figure 3-5. Time-course plots vs In[M]/[M], for the polymerization of 1 with B a) in CDCl; () or b)
in toluene-dg (+) at 25 °C (molar ratio of monomer/Ru = 20) based on results shown in Figure 3-4.

Initial monomer concentration, [M]o: 1.07x10" (+), 3.57x10 (W) mmol/mL, respectively.
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Figure 3-6. Time-course plots vs (a) monomer conversion and (b) In[M]/[M], for the
polymerization of 2 with B in CDCl; at 25 °C monitored with 'H NMR spectra (monomer/Ru
molar ratio = 20). The initial monomer concentration, [M]o: 6.60x107 (O), 2.20x107 (#)

mmol/mL, respectively.
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ROMP of 1-2 with C
Figure 3-7 (a) shows time-course plots (vs monomer conversion) for polymerization of

18-20
and these

1-2 with the ruthenium initiator (C) monitored by 'H NMR measurement,
polymerizations took place rather more rapidly than those using B under the same initial
monomer concentrations.”® First order dependences were obtained between the monomer
consumption rates and the monomer concentrations in all cases [Figure 3-7 (b)], and the slope
was independent of the starting monomer concentrations in all cases.'”” Based on the results
shown in Figure 3-7 (b), time-course plots vs In[M]/[M]o, the rate constants, k values (at 25 °C),
for the polymerization of 1-2 using initiator C were estimated as follows: ki cpci) = 6.7x10
min™, kac.cpeny = 5.9% 102 min”, respectively. It is interesting to note that the observed values
(as well as the monomer consumption time courses) were not strongly dependent upon

monomer employed (1 or 2) whereas the values obtained from the corresponding reaction

effected with A and B were dependent upon the monomer employed.
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Figure 3-7. Time-course plots vs (a) monomer conversion and (b) In[M]/[M], for the
polymerization of 1-2 with C in CDCl; at 25 °C monitored with '"H NMR spectra
(monomer/Ru molar ratio = 20). The initial monomer concentration, [M]o: 1.07x10" (A),

3.57x107 (x) mmol/mL (monomer 1), or 2.20x107* (0J) mmol/mL (monomer 2), respectively.
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3-3-3.  Evaluation of the Rate Constants for the ROMP with Mo(N-2,6-
'Pr,CsH3)(CHCMe,Ph)(O'Bu), (A), Ru(CHPh)(CI)2(PCys3), (B), and
Ru(CHPh)(Cl);(IMesH,)(PCys3;) (C) Initiators (at 25 °C)

Table 3-4 summarizes observed k values (rate constants) for the polymerization of 1
and 2 by the molybdenum (A), and ruthenium (B and C) initiators in various solvents (toluene,
CH,Cl,, and CDCls) at 25 °C. Based on these results as well as those shown in Tables 3-2 and
3-3, it is concluded that ROMP with A is more suited than with B or C to prepare polymers
efficiently in a precise manner.”’ In addition, it is clear that the observed k value increased in
the order, A > C > B, and a strong solvent effect was observed in particular for polymerizations
using the ruthenium initiator B [kygcpei)y > ki@cmaciz) > kl(BtOluene)].24 The k value for the
polymerization of 2 with C in CDCl; was similar to the corresponding reaction with A in
toluene [ka(acoluene) = 6.5%107 vs kaccpeny = 5.9X10'2], although the polymerization with C did
not proceed in a living manner. Since a comparison of the performance of these initiators
under the same conditions particularly for ROMP has been limited, these results should be
important especially for the synthesis of desired ROMP polymers as well as for designing more
efficient metathesis initiators.”™® We are currently investigating the possibility of preparing
poly(macromonomer)s containing sugars by the repetitive ROMP technique,” and in addition
are evaluating the carbohydrate functionalized polymers for their specific interaction with

carbohydrate-binding proteins (lectins).”®
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Table 3-4. Summary of the kinetic data for the ROMP of monomers 1-2 with Mo(CHCMe,Ph)(N-2,6-

Pr,CH;)(0'Bu); (A), Ru(CHPh)(CI),(PCys), (B), or Ru(CHPh)(Cl),(IMesH,)(PCys) (C).

Monomer Initiator  Solvent kobs Analysis
(min™)
1 A toluene 1.5 x10™ Figure 3-3
1 B toluene 3.0 x107 Figure 3-3
1 B toluene-dg 3.0 107 Figure 3-5
1 B CH,Cl,  8.6x10°  Figure 3-2
1 B CDCl;  3.8x10%  Figure 3-5
1 C CDCl;  6.7x10%  Figure 3-7
2 A toluene 6.5 x107 Figure 3-3
2 B toluene 1.2 x107 Figure 3-3
2 B CH,Cl,  2.5x10°  Figure 3-2
2 B CDCl; 1.3 x10?  Figure 3-6
2 C CDCl;  59x10%  Figure 3-7
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The monomer concentrations at each reaction time were calculated on the basis of the
conversion of the monomers, and the ratios of the M, values (measured by GPC) against
the values after the complete consumption of the monomer were chosen for the
calculation of the conversion. Although it was possible to use the calculated values based
on the 'H NMR spectra (protons in olefinic resonances), and they were in good agreement
with those calculated based on GPC (M, values), the calculation based on the '"H NMR
spectra was somewhat difficult, particularly in low-monomer conversion regions, which
were especially important for the estimation of the rate constant.

Although the monomers were a mixture of endo and exo isomers (endo/exo = 87/13) and
the endo monomers often took longer to polymerize than the exo isomers, probably
because of the unfavorable steric interaction between the monomers and the initiating
species,”'” as described previously, first-order relationships were observed between the
propagation rate and the monomer concentration. This was probably due to the
concentration of the exo isomers being rather low (13%) in this case, and the observed

rate constants were, therefore, the values for the consumption of the endo isomers.
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Because a first-order dependence between the propagation rates and the monomer
concentration was observed, rate constant k£ can be calculated with the following equation:
-d[M]/dt = k[M] and -In[M]/[M]y = -kt, where [M], is the initial monomer concentration
and [M] and ¢ are the concentration at each period and the time, respectively. The
expression kymgcracre) [Where 1 is monomer 1, B is initiator B, and CH,Cl, is solvent
CH,Cl;] was used for clarity in this study.

Although the polymerizations in CH,Cl, with molybdenum initiator A were also explored,
a partial decomposition of the initiator, especially at low monomer concentrations, was
observed. Because the propagation rate in toluene was rather slow in comparison with
that in CH,Cl,, and because the polymerization also took place without the decomposition,
the kinetic estimation was performed in toluene, as discussed in this article.
Polymerizations of 1-2 effected with ruthenium initiator C were also attempted, but the
resultant polymers possessed bimodal molecular weight distributions, and the results (the
ratio of high-molecular-weight peaks to low-molecular-weight peaks) were not
reproducible.  Therefore, we estimated rate constant & with 'H NMR time-course
measurements as the consumption rate of monomers.

In fact, polymerizations of 1 and 2 by C in toluene-d8 were attempted to monitor the time
course by '"H NMR spectra. However, the results were not reproducible, especially in
toluene. This may be due to the slow initiation by C, especially in toluene, although it is
still not clear why it was difficult to reproduce the time course in this polymerization.
Although we know that the molybdenum-Fs initiator, Mo(CHCMe,Ph)(N-2,6-
"Pr,CsH3)[OCMe(CF5)1]2, should be more a efficient initiator than A, we chose F, initiator
in this case. This is because, as described in ref. 2, it appears to be the mildest of the
initiators, especially for ROMP, and because we wanted to compare our previous results
with molybdenum (introduced in that article) with ruthenium initiators.

Because the acetyl group in the sugar residue in poly(1)-(2) can be deprotected smoothly

by an established procedure (K,CO; in MeOH), it is possible to evaluate the interactions
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of these polymers with carbohydrate-binding proteins (Lectins), such as Concanavalin A.
These results will be reported in a forthcoming article.

29. Nomura, K.; Takahashi, S.; Imanishi, Y. Macromolecules 2001, 34, 4712-4723.
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Concluding Remarks

This thesis discloses a development of new synthetic methods using transition metal
catalysts, in particular, the ring-opening metathesis polymerization (ROMP) of norbornenes
containing acetyl-protected carbohydrates e.g. glucose, [monosaccharide; i.e., 2,3,4,6-tetra-O-
acetyl-glucos-1-O-yl  5-norbornene-2-carboxylate (1)], or maltose, [disaccharide; i.e.,
2,3,6,2°,3’,4°,6’-hepta-O-acetyl-maltos-1-O-yl 5-norbornene-2-carboxylate (2)], using the well-
defined molybdenum-alkylidene initiator, Mo(CHCMe,Ph)(N-2,6-'Pr,C¢H3)(0'Bu), (A), and
ruthenium  initiators, ~ Ru(CHPh)(Cl)»(PCys), (B; Cy =  cyclohexyl) and

Ru(CHPh)(CI),(IMesH,)(PCy3) (C; IMesH, = 1,3-dimesityl-4,5-dihydromidazol-2-ylidene)

(Scheme 1).
0 Ph CMe,Ph
1) Mo-cat. in toluene n
/ VAt = - AcOH,C
2 OR 5 phcHO RO = 2 y
o OAQ 0
Mo-cat. = Mo(CHCMe,Ph)(N-2,6-Pr,CqHs)(0'BU), RO poy1)2) AcO Ca
Glu (1) ¢

Transition metal catalysts

A pY . PCys ¢ mo AcOHQ o
Ar—N_ _N-Ar
Clitigl _ OAG
RuU=CHPh o}
f N T AcOH,C o< 2“

Cl Clitip! — o
1 PC Ru=CHPh A
(t-Buyor*Mo=CHCMezPh ¥ c1” | OAC OAc
PCys AcO o
(t-Bu)O Ar = 2,4,6-Me3CgH, (] Mal (2)
Scheme 1

In our previous reports, we proved that the ROMP of norbornenes containing acetyl-
protected carbohydrates with a molybdenum initiator under controlled conditions, (highly
purified monomers, anhydrous solvents, and a nitrogen atmosphere), took place in a living
fashion. In contrast, the synthesis of carbohydrate ROMP polymers with ruthenium initiators

did not take place in a living fashion in the previous reports. For this reason, we assumed that
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the ruthenium catalysts include several side reactions (e.g. with the hydroxyl group of
carbohydrate, water, and oxygen) (Scheme 2), and the deactivation and degradation of the
ruthenium initiator are thus caused by these reactions (e.g. a ligand substitution reaction
between halogen and hydroxyl group). In order to control catalyst deactivation and
degradation, we tried the ROMP of norbornenes containing acetyl-protected carbohydrate

under the same conditions with molybdenum initiators.

TCy3 TCys
Ccl/ 'Ri— __p CII/.RU_ __p
clv clv (ID
/ Coordination of
H hydroxyl grou,
S S
ﬁ Ligand substitution reaction between halogen and hydroxyl group
Fl’CY3 PCys TCY3
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Cllig! HO/ | Il — . y
RU=CHPhI==—"""RU=CHPh —— HO,RU CHPh and Degradation
PCy; PCy; PCys
-PCY3
-PC
poxa| 7O \ugar
PCys PCys; TCys 'TCYS
Cliri=cHpPh  C"'Ru=cHPh ©'Ri=cHPh CVRi—0
(0] (l)H cl” | (o]\d clv
P O=PC O=PC
3 H S s: sugar Y3 Y

Ligand substitution reaction between ligand and hydroxyl group, reaction with oxygen

Scheme 2

In chapter 2, the polymerizations of 1-2 with initiator B were performed by varying
monomer/Ru molar ratios (= 10-40). Through this research, we found that the polymerizations
completed in all cases, and the resultant polymers possessed narrow molecular weight
distributions (M,/M, = 1.04-1.17). The M, values for the resultant polymers increased upon
increasing monomer/Ru molar ratios, and the M,, values were close to those calculated based on
monomer/Ru molar ratios. It is therefore suggested that the present polymerization proceeds in
a living fashion with high initiation efficiency. In order to provide evidence that the ROMP

with initiator B was living, in particular to confirm the polymer-chain end is still living after
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consumption of monomer, post polymerizations were conducted after the consumption of the
first monomer. Multiblock copolymers consisting of 1 and 2 could be prepared by adding
monomers sequentially after consumption of the former monomer (from the homopolymer to
the tetra-block copolymer), and the molecular weight distributions for the resultant copolymers
were narrow in all cases (My/M, = 1.13-1.19). These results clearly indicate that the catalyst
deactivation was not seen during the polymerization of norbornenes containing acetyl-
protected carbohydrates under these highly controlled (perfectly anhydrous under inert
atmosphere) conditions.

ROMP of 1-2 with initiator C were performed by varying the monomer/Ru molar ratios,
and the resultant polymers possessed higher M, values than those based on the monomer/Ru
molar ratios and the molecular weight distributions were somewhat broad (My/M, = 1.49-1.95),
whereas the M, values obtained by initiator B were almost identical to the calculated values
based on monomer/Ru molar ratio with narrow distributions. It should be noted that the
polymerization with initiator C is not affected by monomer concentration and polymerization
time. In fact, the polymerization with 1000 equivalent of 1 completed after 1 h. However, the
ROMP by initiator C did not take place in a living fashion. In addition, we believed that
initiator C reacts with carbon-carbon double bonds, in both the cyclic monomer and also in the
principal polymer main chain.

Using this technique under these highly controlled (perfectly anhydrous under inert
atmosphere) conditions without unprotected carbohydrate hydroxyl groups, carbohydrate
ROMP polymers with precise control of the molecular weight, chain length of carbohydrate
ROMP polymers with high molecular weight were synthesized by ruthenium initiators (B, and

).

In chapter 3, the differences in the performances of these initiators (A, B, and C) were
examined from the k values (rate constants) of the ROMP. Since first order relationships
between the propagation rate and the monomer concentration were observed in all

polymerization runs, we were able to estimate the k values (rate constants) for the
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polymerization of 1 and 2 by the molybdenum (A), ruthenium (B, and C) initiators in various
solvents (toluene, CH,Cl,, CDCl3) at 25 °C. From the comparison of resulting initiator
performance, the observed k value increased in the order: A > C > B, and the effect of the
steric bulk of the monomer was observed especially for the polymerization (B > A > C). These
results depend above all, on the properties and the ROMP mechanism of the catalysts (Scheme
3). In the case of the molybdenum catalyst A, the ROMP proceeds in a living fashion with
high initiation efficiency, attaching directly to the carbon-carbon double bonds of the
monomeric olefins (via the metal-carbene complexes). The ROMP by ruthenium catalyst B
indicates a similar tendency. In particular, the dissociations of phosphine in the catalyst B have
an effect on the initiation of ROMP. Therefore, initiator A is more useful for ROMP than
initiator B. In contrast, ROMP by the ruthenium catalyst C proceeds with a rapid propagation
vs. a slow initiation, especially in comparison with ruthenium catalyst B. The difference of
reactivity with ruthenium catalysts (B, and C) is implicated by the dissociation rates of the
phosphine. To ligand substituting a PCy; ligand for a highly bulky and basic ligand in
ruthenium catalyst B, ROMP using the new ruthenium catalyst C indicates a high reactivity for
cyclic olefins, there was not effect of steric bulk of monomer, and the resultant carbohydrate
ROMP polymers possessed broad molecular weight distributions, with high molecular weights.

In addition, strong solvent effects were observed, especially for the polymerization with
initiator B [CDCIl3; > CH,Cl, > toluene]. The k value for polymerization of 2 by initiator C in
CDCl; was similar to that by initiator A in toluene, although the polymerization by initiator C
did not proceed in a living manner. Based on these results, the ROMP by initiator A is more

suited than that by initiator B or C to prepare polymers efficiently in a precise manner.
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Scheme 3

In this thesis (chapter 2, 3), the precise synthesis of carbohydrate polymers by ROMP
can be demonstrated using the well-defined molybdenum-alkylidene initiator,
Mo(CHCMe,Ph)(N-2,6-"Pr,C¢H;)(0'Bu), (A), and ruthenium initiators, Ru(CHPh)(Cl),(PCy3),
(B; Cy = cyclohexyl) and Ru(CHPh)(Cl),(IMesH»)(PCys) (C; IMesH, = 1,3-dimesityl-4,5-
dihydromidazol-2-ylidene). The ruthenium catalysts are more suitable for their practical use
than the molybdenum catalysts (availablity, ease of synthesis, and functional group tolerance),
and these results are reflected by their wide use in the fields of both organic and polymer

chemistry.
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