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Foreword

THE ACS SYMPOSIUM SERIES was first published in 1974 to
provide a mechanism for publishing symposia quickly in book
form. The purpose of this series is to publish comprehensive
books developed from symposia, which are usually “snapshots
in time” of the current research being done on a topic, plus
some review material on the topic. For this reason, it is neces-
sary that the papers be published as quickly as possible.

Before a symposium-based book is put under contract, the
proposed table of contents is reviewed for appropriateness to
the topic and for comprehensiveness of the collection. Some
papers are excluded at this point, and others are added to
round out the scope of the volume. In addition, a draft of each
paper is peer-reviewed prior to final acceptance or rejection.
This anonymous review process is supervised by the organiz-
er(s) of the symposium, who become the editor(s) of the book.
The authors then revise their papers according to the recom-
mendations of both the reviewers and the editors, prepare
camera-ready copy, and submit the final papers to the editors,
who check that all necessary revisions have been made.

As a rule, only original research papers and original re-
view papers are included in the volumes. Verbatim reproduc-
tions of previously published papers are not accepted.
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Preface

"THE USE OF POLYMERS IS WIDESPREAD in modern society, and their
applications continue to grow. Many of the important advances in
polymeric material involve imparting desirable properties through the
control of the polymer structure. Polymer structure is determined and
controlled by polymer synthesis. Step-growth polymerization represents
one of the two major mechanisms by which polymers are synthesized.
The other is chain-growth polymerization. Polymers prepared by step-
growth polymerization, often referred to as step-growth polymers,
represent some of the most important commercial polymer systems,
including nylon, polyesters, and polycarbonates. Many high-technology
applications in the areas of aviation, electronics, medicine, and apparel
rely on step-growth polymers as key constituents. Hence, fundamental
and applied research on step-growth polymers and their synthesis contin-
ues to be very active worldwide in both academic and industrial environ-
ments.

In recent years much of the focus in step-growth polymers has been
in the area of high-performance materials, in which tailoring polymer
structure to give a specific set of properties is paramount. This research
has led to many advances in synthetic methodology, including both new
polymer-forming reactions as well as enhancement of established methods
of polymerization. Major areas of research activity include transition-
metal-catalyzed coupling, dendritic and hyperbranched polymers, poly(aryl
ether)s, and high-temperature polymers, including polyimides.

This book is organized by sections that include transition-metal-
catalyzed polymerizations, dendritic and hyperbranched systems, poly(aryl
ether)s, polyimides and high-temperature polymers, and general step-
growth topics. With the exception of the section on high-temperature
polymers, each section contains a chapter surveying important advances
in that subject area during the past five years. In addition to providing a
very useful review of the field as a whole, these overview chapters should
provide the reader some context for understanding how the individual
research papers impact the field.
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Chapter 1

Step-Polymerization Reactions via Nickel-
and Palladium-Catalyzed Carbon—Carbon Bond
Formation

Virgil Percec and Dale H. Hill

W. M. Keck Laboratories for Organic Synthesis, Department
of Macromolecular Science, Case Western Reserve University,
Cleveland, OH 44106—7202

Recent developments in the application of Ni(0) and Pd(0) catalyzed
carbon-carbon bond forming reactions to the preparation of well
defined polymer structures by step polymerization reactions are
discussed. Three types of coupling reactions using these catalysts
are especially applicable to step polymerizations: (a) homocoupling
reactions of organic electrophiles, (b) cross-coupling reactions of
organic electrophiles with alkenes or alkynes, and (c) cross-coupling
reactions of organic electrophiles with organometallic compounds.
The organometallic compounds which have been most useful to
polymer chemists include: organomagnesium, organozinc,
organostannane, and organoboronic acids (and their esters). This
survey of the scope of these reactions includes, for each type of
reaction, a discussion of: the types of electrophiles and leaving
groups, and their reactivity; reaction mechanism; catalysts;
selectivities; and limitations.

The formation of carbon-carbon bonds between monomers is the key step in
a number of polymerization reactions. In the case of chain polymerizations the
formation of carbon-carbon bonds is the most frequently encountered when the
reaction proceeds via radical, nucleophilic, electrophilic, and coordinative
mechanisms. However, there are a relatively small number of basic reactions
which are effective for carbon-carbon bond formation applicable to a step
polymerization reaction. Transition metal catalysts have emerged as a versatile
means of carbon-carbon bond formation in organic synthesis (1-5). The discovery
and development of transition metal catalysts for the stereospecific chain
polymerization of olefins by Ziegler (6-8) and Natta (9-71) was a milestone and
marked the beginning of the wide spread use of transition metal catalysts in
polymerization reactions. Since that time the field of organometallic chemistry has
experienced explosive growth. This growth has occurred both in an understanding
of the basic principles of transition metal mediated reactions as well as in the
application of transition metal reagents and catalysts to organic synthesis (I).
Among the synthetically most important catalysts are those which involve palladium
or nickel. Many widely used homocoupling and cross-coupling reactions have
been developed which utilize zerovalent palladium or nickel catalysts. As a

0097—-6156/96/0624—0002520.75/0
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consequence of their efficiency, these catalysts have been applied to the
development of step polymerization reactions.

This paper surveys the use of Ni(0)- and Pd(0)-catalysts in step
polymerization reactions which involve carbon-carbon bond formation. The
discussion centers on the basic reaction types which are most widely and effectively
utilized for polymer synthesis. This chapter is organized in two parts. First, the
basic features of these coupling reactions are discussed. Then their application to
polymer synthesis is examined. The discussion of each type of reaction includes a
brief description of the basic reaction, the scope of reaction, the nature of leaving
groups involved and their reactivity, limitations to the reaction, and side reactions.

Ni(0) and Pd(0) Catalyzed Reactions of Organic Electrophiles

The Ni(0) and Pd(0) catalyzed reactions of organic electrophiles can be divided into
three general groups. Organic electrophiles undergo catalytic homocoupling
reactions. They also participate in coupling reactions with alkenes and alkynes.
Finally, they participate in several cross-coupling reactions with organometallic
compounds. The most useful organometallic compounds for polymer synthesis
include organomagnesium, organozinc, organostannane, and organoboron
compounds.

Homocoupling reactions. Ni(0)-catalysts have been applied to the
synthesis of symmetrical biaryls (/2-18). Prior to the development of Ni(0)
catalysts symmetric biaryls were obtained by the Ullmann reaction (equation 1).

llCu"
ArX - Ar-Ar )

For examples of the Ullmann reaction see references 19-22. Development of the
Ni-catalyzed reaction began with the homocoupling of aryl iodides and bromides
with stoichiometric amounts of air sensitive Ni(0) complexes (equations 2 and 3)
(12-14). The reaction is slowed by the presence of ortho substituents. Substrates

Q . Q 9
_< >_ Ni(COD), (55 mol %) . .
CH3-C B _ ;
’ " "DMF.45°C,36h CHs—=C C-CHg

93% 2
Ni(COD), (55 mol %)
©-B' DMF, 52 °C, 25 h
82% 3

containing hydroxy groups (i.e. alcohol, phenol, carboxylic acid), their sodium
salts (sodium phenoxides, sodium benzoates), or nitro groups do not give useful
yields of coupled products (usually 0%) (12,15). The reaction was improved with
the realization that the Ni(0) species could be generated in situ from air stable
precursors (15). Thus a stoichiometric amount of Ni(0)(PPh3)2 was generated in
situ by the reduction of NiCly(PPh3); with an equivalent amount of Zn. It was then
discovered that the reaction could be performed with catalytic amounts of Ni(0)
complexes formed in situ when a stoichiometric quantity of Zn was present
(equation 4) (16).
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NiClo(PPha)2 (5 %)
@'B’ * 2"~ PPhy (40 %), DMF

50°C,20h 89 % )

The use of a Ni(0)-catalyst generated by the reduction of a Ni(Il) salt with
excess Zn in the presence of PPh3 in a dipolar aprotic solvent allowed the high yield
coupling of aryl chlorides (equation 5) (/7). The highest yields were obtained

NiClx (5 %), PPh3 (38 %)
Oro s e

80°C.2h

99 % 1% o)

when the Ni salt was NiCl; or NiBr; (e.g. NiClp(PPh3), or NiBra(PPh3)2). The
reduction potential of the reducing agent was important. The best results were
obtained with Zn. Triaryl phosphines were the best ligands. Evidence of several
side reactions was provided. Reduction of the aryl halide occurred in the presence
of good proton sources such as water or acidic protons (equation 6) (/7). Phenols
could be coupled in high yields by a protection-deprotection sequence that involved
the coupling of 4-chloropheny! acetate (equation 7) (/7).

NiCl (5%)
O S -0
H 8" Zn(15 equiv) HOH +H
DMAc, 80°C

25% 62% (6)
_9_ NiCl, (5 %), PPhg (38 %)
CH3-C-0 cl Zn (1.5 equiv.), DMAG

CHg-@-OO-g-CHa + cm-%—o—@

90% 5% )}

A side product formed from the coupling of the aryl halide with one of the
aryl groups from the phosphine ligand was identified (equation 8) (I7).

CH30—©—CI NiCl> (5%), L (38 %)
Zn (1.5 eq.), DMAc, 80°C
L= PPhg 0% 19% 12%
L = P(p-CeHsOCHa)z 100% - -
L = bipyridine 9% % - 3% (8)
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Larger amounts of this side product formed with arylhalides containing strong
electron-donating groups and as the temperature was increased. The formation of
the phenyl substituted product is related to the concentration of coordinatively
unsaturated Ni-species (equation 9) (/7). The formation of this side product was
suppressed by performing reactions at the lowest temperature possible, increasing
the concentration of PPh3, or by using other ligands.

PPy FPhy
cmo—@-ré;‘b CH30—©-Ni-Ph

PPhy
RPhy

— P CH30—©—Fh + Ni-PPhg
PP (9)

The reaction can be performed in THF in the absence of added PPh3 in the
presence of Ey4NI (equation 10) (/8). This has several advantageous features.
Traces of water are more readily removed from THF than aprotic apolar solvents
such as DMF and DMAc. The product may be purified more readily in the absence
of a large excess of PPh3. Also phosphonium salt formation is reduced. The
soluble iodide ion provided by Et4NI functions as a ligand for Ni complexes. Thus
I- stabilizes the catalyst and may facilitate the reduction of an ArNi(IX species in a
key mechanistic step by acting as a bridging ligand between Ni and Zn.

Q . Q 9
2 NiBra(PPh), (10%) - :
CHs C‘@'C' Zr (1.5 equiv), ENI (10%) °H3'°° CHa

THF,50°C,20 h
3% (10)

Other leaving groups have also been demonstrated to be effective. A Pd-
catalyst was effective in the desulfonative homocoupling of arylsulfonyl chlorides
(23). Aryl uiflates participate in Ni- and Pd-catalyzed cross-coupling (24,25) and
homocoupling reactions (26-33), for example see equation 11 (26).

NCI(PPhg), (8%)
CH"'O_@_OT' Zn (1.5 equiv.),Nal (60%)

PPhg3 (60%), DMF

Ultrasound, 2 h
CH3000H3 + CH30—©
95% trace (11)

The participation of aryl triflates in this reaction is important from a
synthetic standpoint as many substituted phenols are readily available from either
commercial sources or well established synthetic procedures. The first report of the
homocoupling of aryl triflates utilized ultrasonication to effectuate the reaction
(26,27). Later, reaction conditions were developed which did not require
ultrasonication. Alternatively, Pd-catalysts were effective in the electrochemically
(32) and chemically (33) driven coupling of aryl triflates. Unfortunately, the high
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cost of the triflic anhydride reagent necessary for the formation of aryl triflates from
phenols has hindered the widespread application of this methodology. Therefore,
the utilization of less expensive sulfonate leaving groups was expected to facilitate
the more extensive application of this methodology.

The first report of the homocoupling of aryl tosylates (73% yield for
PhOTs) and aryl mesylates (21% yield for p-CH3CgHsOMs) involved the use of
ultrasonication (27). It was subsequently shown that ultrasonication was
unnecessary and that a number of aryl sulfonates including one example of an aryl
mesylate undergo Ni(0) catalyzed homocoupling reactions in polar aprotic solvents
such as DMF with up to 83 % yield (34). Aryl mesylates and other aryl sulfonates
were demonstrated to participate in high yield (greater than 99% in some cases)
Ni(0) catalyzed homocoupling reactions in etheral solvents such as THF and
dioxane (35,36). The Ni(0) species was generated from the reduction of
NiCl(PPh3)2 with Zn in the presence of either PPh3y and NaBr in DMF (34) or
EuNI in THF and dioxane (35,36). PPhj3 and Br- function to stabilize the catalyst
and were required to prevent premature catalyst decomposition in DMF. The added
phosphine ligand was not required in THF or dioxane when the Ni(0) species was
generated in the presence of EyNI (equation 12) (35,36). In this case the Ni(0)

? NiCla(PPhg),, Zn ? ?
o=~ Y- osorcmy LI cno-E~( ) )-C-oon
4 1
67°C, 10 h
>99 % (12)

species was highly coordinatively unsaturated. Aryl mesylates underwent facile
oxidative addition to this Ni(0)(PPh3); species. The reaction of aryl mesylates
tolerates a large number of common functional groups: esters, ethers, fluoro,
ketone and nitrile. No coupied product was obtained in the presence of the nitro
group. The highest yields were obtained when electron-withdrawing groups were
in the para position. Yields were reduced slightly by steric hindrance when ortho
substituents were present. However, high yields (greater than 99 % in some cases)
could be obtained by adding PPh3 and increasing the reaction time. Side reactions
occurred to a greater degree in the reaction of less reactive aryl mesylates (i.e. those
with electron-donating groups or large ortho substituents). Products formed by
reduction and transarylation of the aryl mesylates were identified (equation 13).
Surprisingly, it was discovered that "wet" THF (i.e. THF used directly out of a
previously opened bottle with no drying step) could be used when extra PPh3 was
added (usually 20 % was sufficient) (35).

o NiClo(PPhg),, Zn, Et4NI
CH3- C_O_ 0OSO,CH3
THF, 67°C, 10h
2 ? ? 2
it [}
CHg— c C-CHg + CHg— b—@ + CHg— c
73% 20 % 7% (13)

Reaction Mechanism. Several different reaction mechanisms have been
suggested for Ni(0) catalyzed homo-coupling reactions of aryl halides.(17,37-39)
The mechanism outlined in Figure 1 has been proposed for the Ni(0) mediated
coupling reaction of ary! chlorides in polar aprotic solvents in the presence of
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excess Zn (17). The mechanistic details have been supported by an electrochemical
study (39). The mechanism outlined in Figure 2 has been proposed for the
coupling reaction of ArX (X = halide) in nonpolar solvents in the absence of excess
reducing metal (37,38). The primary mechanistic pathway followed is highly
dependent on the reaction conditions (/4). Under the conditions utilized for the
coupling of aryl halides and sulfonates, the most plausible mechanism is shown in
Figure 1 (17,35,39).

Ni(ll)Cl,L,

Zn,L

ZnCl,

Ni(O)Lg
1/2V \Q‘
L— N|(I)—X /\\ Ar—ll‘lgi(ll)—x + L
L

N {1} L
ArAr Ar '( =X 1”220
X

N 1122ZnX,
ZnX,
G |

Ar—Nl(lII)—Ar + L Ar— N|(I)—L

S~

Figure 1. Mechanism of Homocoupling Rcacnon of Organic Electrophiles
in the Presence of Excess Zinc.

The first step of the mechanism involves the reduction of Ni(II) to Ni(0) by
Zn. This is followed by the oxidative addition of ArX (X=1, Br, Cl, OTf, OMs or
other leaving group) to the Ni(0) species to form ArNi(PPh3),X. When a sulfonate
leaving group is involved this Ni(II) species may have an ionic structure, i.e.,
[ArNi(PPh3)2]*[OSO2R]-. The oxidative addition of vinyl triflates to Pt(PPh3)4
results in the formation of the ionic Pt(II) complexes containing a s-vinyl ligand,
three phosphine ligands and a noncoordinating triflate anion (40). A similar Pd(II)
complex [ArPdLp]*[OTf]- has been proposed to result from the oxidative addition
of ArOTf to Pd(0) in the presence of PPh3 (41). In a reaction analogous to the

In Step-Growth Polymers for High-Performance Materials, Hedrick, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Publication Date: May 5, 1996 | doi: 10.1021/bk-1996-0624.ch001

Downloaded by 89.163.35.42 on October 11, 2012 | http://pubs.acs.org

STEP-GROWTH POLYMERS FOR HIGH-PERFORMANCE MATERIALS

reaction of [RPtL3]*[OTf]- with R4NX (40), ArNi(I)OSO2R complexes may react
quickly with Et4NI to form ArNi(I)I(PPh3);. The Ni(II) species then undergoes a
one electron reduction to ArNi(I)L3 (L = PPh3 or solvent). ArX oxidatively adds to
this species to give a diaryl Ni(IlI) complex which undergoes rapid reductive
elimination, resulting in the formation of the biaryl product and the generation of
Ni(DXL3. There are two productive reaction pathways available to this Ni species.
Ni(I)XL3 can be reduced by Zn to regenerate Ni(0)L3, which can then repeat the
catalytic cycle. Alternatively, ArX can undergo direct oxidative addition to
Ni()XL3 followed by reduction by Zn to form the ArNi(I)L3 species once again.

The rate of oxidative addition of aryl halides to Ni(0) species is considered
to be a fast reaction in other coupling reactions (1,2,17). The rate determining step
in the homocoupling reaction of aryl chlorides in the presence of excess Zn, is the
reduction of the aryl-Ni(II) species to the aryl Ni(I) species (/7). However, at high
conversions of ArX, the rate determining step becomes the oxidative addition of
ArX to the Ni(I) species (7). Thus, the rate constants for these reactions are
within an order of magnitude of each other. When the reduction occurs by
electrochemical means, rather than via Zn, the rate determining step is the oxidative
addition of ArBr to the ArNi(I) species at low concentrations of ArBr and at higher
((:_ggfenn'ations of ArBr is the reductive elimination of biaryl from the Ni species

The rate determining step for the reaction of aryl mesylates is unknown
(35). The highest yields in the coupling reaction of aryl mesylates were obtained
with electron withdrawing groups in the para position. The reaction was inhibited
by electron-donating groups as well as by sterically hindering ortho groups. None
of these effects alone can be used to determine the rate determining step. Electron-
withdrawing groups can increase the rate of oxidative addition of aryl halides to
Ni(0) (42). The rate of oxidative addition is also influenced by the nature of the
leaving group (42). The electronic properties of the aryl group have also been
shown to influence the reactivity of [ArPdL,]*[OTf]- (40). Thus, it is possible that
the electronic properties of the aryl group could affect the rate of electron-transfer in
the reduction of the aryl-Ni(II) species to an aryl-Ni(I) species. Furthermore, the
rate of reductive elimination is increased by positive charge (5). Thus, the electron-
donating groups could slow the reductive elimination step.

The presence of sterically hindering ortho groups can also influence the rate
of several steps. For example, the oxidative-addition of ArX to ArNi(I) would be
expected to proceed more slowly with ortho substituents on the aryl groups. In
addition, the rate of electron transfer to ArNi(II) could also be affected by an ortho
substituent, especially if a bridging I- ion is involved.

The coupling of aryl halides in nonpolar solvents in the absence of excess
reducing metal has been established as following a double-chain mechanism
involving the reaction of Ar-NilllX, and ArNilIX to form ArpNillX in the key step
(Figure 2) (37,38). Evidence for this mechanism was obtained using solvents such
as benzene, toluene and hexane. The bimolecular step involves Ni species expected
to be present in trace quantities when excess Zn is present. Thus this mechanism is
expected to be favored when large amounts of Ni catalyst and small amounts of Zn
are present. This mechanism is expected to be operative in reactions involving
stoichiometric amounts of preformed Ni(0) in nonpolar solvents.

Cross-coupling reactions involving alkenes and alkynes

Heck Reaction. The Pd-catalyzed arylation and vinylation of olefins in
the presence of a weak base is known as the Heck reaction (equation 14) (43).
Several excellent reviews are available on various aspects of this reaction (44-47).
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Ni(0) Ni(DX

MX,
%\ Ni(IDX ArgNi(IIDX
" Ar-Ar

Figure 2. Mechanism of Homocoupling of Organic Halides in Nonpolar
Solvents in the Presence of Large Amounts of Ni(0) Reagents.

H Pd(0), Base R
C=C + R-X _— C=C
/ \ -HX / \ (1 4)

The R group can be an aryl, heteroaryl, benzyl or vinyl group. Alkyl
groups with sp3 hydrogens  to the leaving group undergo elimination reactions.
The most common leaving groups are I (45), Br (45), and OSO,CF3 (OTY)
(24,25,49,50). Other leaving groups such as COCI (51,52), SO2Cl (53), NoCl
(54), N2BF4 (54,55) and OSO2(CF2)20(CF2)2H (56) can also be employed.
Substituted olefins with electronic properties ranging from electron-deficient to
electron-rich participate in the reaction. The base is typically a secondary or tertiary
amine such as triethylamine. Weak bases such as sodium (or potassium) acetate,
bicarbonate or carbonate are also used. In a typical Heck reaction, a solution of aryl
iodide, olefin, Pd(OAc);, NEt3 and solvent are reacted at an appropriate
temperature (sometimes room temperature) until the reaction is complete.
Triarylphosphines (i.e. PPh3, P(o-tolyl)3) are added when aryl bromides are
reacted (45). The reaction proceeds stereospecifically with syn R group addition to
the double bond (i.e. to the same face as is coordinated to Pd). The reaction in
equation 15 proceeds with retention of configuration at the vinyl halide and
substitution of the olefin occurs to give the E isomer (57).

| o Y~
Pd(OAC); (2%), P(o-tolyl)s (4%) P
A VLO’ NEts (3 equiv.), 100 'C, 4 h
Z
8% (15)

The generally accepted mechanism for the reaction of aryl halides is shown
is Figure 3 (4548). The catalytic cycle begins with oxidative addition of aryl halide
to Pd(0). The olefin coordinates to this Pd(II) species. The coordinated olefin then
inserts into the Pd-R bond. When a hydrocarbon or electron-withdrawing group is
attached to the double bond, the regioselectivity of the insertion of the olefin into the
M-R bond is controlled by sterics (45,58). Consequently, substitution occurs
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predominately at the non-substituted carbon. In contrast, when electron-donating
groups are attached to the double bond the regioselectivity varies depending on the
exact alkene and sometimes depends upon the substrate (45).

L
L— Pd(0—L

L, Base

Reductive

Elimination
I
H—Pai—X R—P(ll—X
L !
Ru Ny
Elimination c %iz‘m Y
L
I
L— Pd(ll—X R— Td(u)—x
R 2 =\,

Insertion

Figure 3. Mechanism of Heck Reaction.

There is evidence that an alternative mechanism for the coordination-
insertion steps is operative when the leaving group is triflate (Figure 4) (48,59-61).
As a result of the lability of this ligand, a cationic Pd(I) complex is formed after
oxidative addition. Thus, in the absence of added halide salts, the olefin
coordination and insertion steps involve cation Pd(II) species. This sequence of
steps leads to product formation in which the regioselectivity is determined by
electronic factors. These factors are more important because the polarization of the
double bond is increased upon coordination to the cationic Pd species. The aryl
group migrates to the carbon with the lowest charge density (48,59).

Aryl, heteroaryl (62) and vinyl (49,50,63) triflates readily participate in the
Heck reaction. Examples are shown in equations 16 (62) and 17(49).

oTf o §
@ /\n,o\/ pchsyz(PPha)g (5%) O o~
N . o iCl (3 equiv.) N 85 9%
DMF, 110 °C o
55h (16)
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“ 11
Gl L
| |
Qi,_> Qﬂ

R

Figure 4. Coordination-Insertion Steps of Heck Reaction for Aryl halides
(Path A) or Aryl Triflates (Path B) in the Absence of Halide Ions.

O. _Pd(OAC), (2%), PPhg (4%)
N /\Ig > T NEts (2 equiv), DMF
60°C.5h
T

o 8% an

Unless very strongly activated, aryl chlorides do not undergo oxidative
addition to the Pd(0) catalysts typically utilized for the Heck reaction.
Chlorobenzene participates in the Heck reaction when it is reacted with Nal in the
presence of NiBr prior to the addition of Pd-catalyst (equation 18) (64). In this
example, a small equilibrium amount of iodobenzene was formed in a Ni-catalyzed

1. Nal (1.1 equiv), NiBr2 (20 %)

cl
@ DMF, 140°C, 4-5h " VN
2. \j\o,\ (1.1 equiv)

L)
PdClx(dba)z (5%), P(o-tolyl)s (40 %) 64%
Et3N (1.1 equiv.), 140 °C, 16- 18 h (18)

In Step-Growth Polymers for High-Performance Materials, Hedrick, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Publication Date: May 5, 1996 | doi: 10.1021/bk-1996-0624.ch001

Downloaded by 89.163.35.42 on October 11, 2012 | http://pubs.acs.org

12 STEP-GROWTH POLYMERS FOR HIGH-PERFORMANCE MATERIALS

reaction prior to the addition of Pd(0). Upon addition of Pd(0), the iodobenzene
which is consumed is replenished in the Ni-catalyzed reaction. Thus a small
equilibrium concentration of iodobenzene is present until the completion of the
reaction.

Arylchlorides also participate in the Heck reaction if the appropriate ligand is
coordinated to the Pd-catalyst. 4-Chlorobenzaldehyde participates in a high yield
Heck reaction when sterically demanding 1,4-bis(diisopropylphosphino)butane
(dippb) was used as the phosphine ligand (equation 19) (65).

Qe+ O

Pd(OAc)2 (1 %).dippb (2 %)
NaOAc (1 equiv.), DMF, 150 °C, 24 h

14:3-—4E:i}-‘§__4::3} . owd O~ ++:§-4<::>»-C|

90% 5% 5%

dippb = 1,4-bis(diisopropylphosphino)butane
19

Chloroarenes and bromoarenes undergo high yield Heck reactions in the
presence of a palladacycle prepared from Pd(OAc)2 and tri(o-tolyl)phosphine
(equation 20) (66). When this catalyst was used at 140 °C none of the palladium
deposits which are typical at this temperature with other Pd-catalysts were detected.
The catalyst is also more active, allowing a lower catalyst concentration to be used.
No added phosphine is necessary, so side reactions involving this ligand do not
occur. 4-Chlorobenzaldehyde and n-butyl acrylate react to give 90 % yield of
coupled product (66).

H
RY ,c\
|:,\
PAOAC), + )
3 - CHaCOH

CHa

Pd:(C)
3

A few reports of the use of Ni-catalyst for the Heck reaction have appeared.
For examples see references 67-70.

Side products derived from the disubstitution of the olefin sometimes occur.
This type of product is obtained in the reaction of 2,2'-dibromobiphenyl with

CH 20)
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styrene. Evidently, the intermediate Pd(IT) alkyl complex formed after insertion of
the alkene into the Pd-aryl bond reacts faster with the adjacent aryl-bromide than the
B—H elimination reaction occurs (equation 21). This problem was avoided by

reversing the functional groups attached to each of the coupling partners. Thus,
2,2'-divinylbiphenyl was reacted with bromobenzene (equation 22) (71).

A L O
PO QECE &

\ O
@ 0

Cross-coupling reactions of alkynes. Terminal alkynes undergo
high yield Pd(0) catalyzed coupling reaction (72-76) with organic electrophiles.
The electrophiles include: vinyl, aryl, and heteroaryl halides (72-75); vinyl triflates
(77,78); aryl (56,78) and heteroaryl triflates (75,78); and polyfluorophenyl
perfluoroalkane sulfonates (79). Several examples are shown in equation 23 - 27
(respectively references 78,72,73,78,79).

@1

H
/
Tt =z

0 PA(PPhg)s .
+ — 34 CH, c=Cc
cH NH Cul, ANEt,
8 2 DMF, 45 h HoN
95% (23)

Br Pd(OAC)»(PPhg)2 (1 %,
A+ H-c=C-mn (OACIAP Il (1 %) }—CEC-Ph

NEts (2 equiv.)
100°C, 1h 8% 24)
|
P Pd(PPh3)4 (4 %) @_ -
©/ * H C_C_\__ CH30Na (1.2 equiv.) C= C—\__
50°C,3h 97% @5)
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OCH
5h

O—==)
NH2 @

< :}———Z H + TiO
\H O Pd(PPhg)4 (1 %)
2 @ Cul (2%)
. Et,NH (20 equiv.)

91% OCHg (26)
el PdCIo(PPhg), ez
CeFsOSO,CF3 + H-C=C-Ph NEts, DMF CeFs—C=C-Ph
80°C,10h 2% 27

One pot phase-transfer catalyzed synthetic procedures were developed for
the synthesis of diheteroarylacetylenes (80), 1,2-(4,4'-dialkoxyaryl)acetylenes (81)
and 1,4-bis[2-(4',4"-dialkoxyphenyl)ethynyl]benzenes (81).

The mechanistic features of Pd(0) catalyzed coupling reactions of organic
electrophiles and terminal alkynes are controversial. In general, it is not regarded as
involving an insertion mechanism similar to the Heck reaction (73). The terminal
acetylene proton is readily deprotonated by base, therefore an oxidative addition,
transmetallation, reductive elimination sequence (vide infra) is expected. A brief
summary of the features of the most frequently proposed mechanism of Pd(0)/Cu(I)
acetylene coupling reactions is contained in reference 81. However, an insertion
mechanism was postulated for equation 27 (79).

The arylation and vinylation of internal alkynes has not been developed as
much as the reactions of alkenes and 1-alkynes. An example of this type of reaction
is depicted in equation 28 (78). The alkenylpalladium complexes formed from the
reaction of Pd and internal alkynes are usually stable. Internal alkynes have been
vinylated by intramolecular cascade reactions. In these reactions the product of
insertion into an alkyne bond is able to subsequently insert into an alkene bond.
Elimination from this complex gives the final reaction product. Equations 29 (82)
and 30 (82) provide examples of this type of reaction.

OCH3
H [}
CH;§—:—©_C; . Pd(OAG) (PPhg)z
CH3 N-CH3 piperidine
H | HCO,H, DMF
60°C,8h
Q
QN,CH3
)
H
OCHz 9% @8)
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— CH3 CH3
! L PA(PPha)s (3%) ZNSN_0CH;
* OCH3 ™ NEt; (2 equiv.) o
CH3CN, reflux, 12 h
80% 29
Pd(PPha)g
NEtz, CH3CN E10,C SiMes
reflux, 6 h Et0,C
80% (30)

Cross-coupling of organic electrophiles with organometallics

A large number of reactions involving the Pd(0)- or Ni(0)-catalyzed cross-coupling
of organic electrophiles with organometallic reagents. The general mechanism of
the Pd-catalyzed reactions is shown in Figure 5 (1,2). These reactions involve a
general sequence of (a) oxidative addition of the organic electrophile to the zero
valent metal catalyst, (b) transfer of the organic group from the organometallic
compound to the metal catalyst in a transmetallation step and (c) reductive
elimination of the coupled product with the concurrent reformation of the original
zero valent metal catalyst. The Pd catalyst is added to the reaction solution

Pd(ll)XaL2
2L,2eS
Reduction
2X
L
L-Pd(0)-L
L
R-R' R-X
Reductive Oxidative
2L—/" Ejimination Addition L
L L
R-Pd(ll)-L R-Pd(I)-x
R' L
Trans-Cis Transmetallation -M
Isomerization
X-M
R-Pd(ll)-R'

L
Figure 5. General Mechanism of Pd-Catalyzed Cross-Coupling of Organic
Electrophiles and Organometallics
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as a Pd(0) or Pd(IT) complex. The reaction generally proceeds with an activation
step in which the Pd(II) catalyst precursor is reduced to Pd(0). The oxidative
addition of the organic electrophile readily occurs to this species to generate a Pd(II)
species. The order of reactivity of the most common leaving groups in Pd(0)-
catalyzed reactions is I > OTf > Br. The oxidative addition involves oxidation of
the metal and reduction of the organic electrophile. Therefore, more electron
deficient substrates undergo this reaction more readily. The transmetallation
reaction is usually the slow step in the catalytic cycle. Therefore, oxidative addition
product RPd(II)XL7 may participate in side reactions prior to transmetallation.
Alkyl groups with p-hydrogens usually undergo rapid g-hydrogen
elimination. As a result alkyl electrophiles with g-hydrogens are usually avoided.
Another common side reaction involves exchange of the organic groups of the
Pd(II) species and the organophosphine ligands (equation 31).

FPhe PPhg PPN, PhoR
- PPh,
R-Pld-X w=3~ R=- P:d == R- P:d-Fh Pﬁ':j-n'l
PPhg PPhg X X X
@31

The R group can also transfer to the phosphorous atom of organophorous ligands
to form phosphonium salts (i.e. PR’3R+X", equation 32). Phosphonium salts may
also be formed by the reaction of organic electrophiles with non-coordinated
phosphines.

PPhg PPhg
R-Pd-X + 2 PPhy ————  [RPPhg]'[X] + Pd-PPhg
PPhg PPl (32)

The transmetallation step involves the transfer of the organic group from an
organometallic species to a Pd(II) species. There are several important
requirements for efficient transmetallation reactions (2). First, the RPdL2X species
must have sufficient stability to prevent decomposition or other side reactions prior
to transmetallation (vide supra). Second, the overall thermodynamics need to be
favorable. In this regard, the AH of the transmetallation reaction becomes more
negative by increasing the stabilities (i.e. lower enthalpy) of the products of
transmetallation reaction. For example, lithium chloride is often an essential
additive in the reaction of vinyl and ary! triflates with organostannane compounds
(83,84). Lithium chloride apparently has several roles in this reaction. The product
of the oxidative addition of ROTf to Pd(0) is RPdL(OTf) or [RPdL]*[OTf]- .

Ligand exchange of Cl- with OTf- converts this organo-palladium species to the
more stable RPdL,Cl species. The product of transmetallation is thus R3SnCl
instead of the less stable R3SnOTf.

The transmetallation reaction produces a trans Pd(II) species. Isomerization
to a cis arrangement is necessary prior to the reductive elimination of the coupled
product. The Pd(0) catalyst is regenerated upon reductive elimination. The
reductive elimination reaction is very fast. Therefore competing reactions leading to
side products are not usually a problem.

Recently the alternative mechanism shown in figure 6 was proposed based
on elaborate electrochemical studies (85). This mechanism provides an explanation
for many of the ligand effects and the effect of cocatalysts such as Cul. In this
mechanism the catalytic cycle begins with the oxidative addition of aryl halide to a
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halide ligated zerovalent Pd species. This produces a pentacoordinate anionic aryl
Pd(II) complex. This complex participates in the transmetallation reaction to give
another pentacoordinate anionic Pd(II) complex. Reductive elimination of the
coupled product regenerates the halide ligated Pd(0) species which began the
catalytic cycle.

Pd(Il)X2L2

Reduction

p o-x-
L d(0)

R-R* Reductive Oxidative R-X

Elimination Addition

X - Le )l( -
L~pa(-R [L»".d""'“}
L é. X

Transmetallation
X -
XxX-M R'-M

Figure 6. Cross-Coupling Mechanism Involving Anionic Pd-Species

Grignards. Aryl and vinyl halides can be coupled with Grignard reagents
(equation 33) in a Ni- or Pd-catalyzed reaction (86) which proceeds via an oxidative
addition - transmetallation sequence (87) (Figure 7).

R—Z + R'MgX PO

R-R' + MgXY (33)

Grignard reagents couple with vinyl halides (87-91), aryl halides (87,88), and
heteroaryl halides (92,93), and vinyl halides (86). Alkyl iodides have been coupled
with Grignards in the presence of PdCla(dppf) (94). The utility of the Grignard
coupling reaction is limited by the reactivity of the reagent. The Pd catalysts are
generated from PdX,L, and PdL4 where L = PPh3 or other phosphine ligands.
The halides in the NiX5 catalyst may be Cl, Br, or 1. Best results are usually
obtained with Cl. The Pd-catalysts usually provide increased selectivity and yields.
The Ni-catalyzed reaction proceeds with the retention of the geometry of the double
bond in some cases. For example see equations 34 and 35 (91). The order of
reactivity for aryl halides is Arl > ArBr > ArCl > ArF. The best results with Ni-
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catalysts were obtained with ArCl. Among the Grignard reagents used are allyl,
alkenyl, aryl, alkyl (may have p-hydrogens) and heteroaryl.

Ni(ll)XoL2
2 RMgX
C 2 MgXz
Ni(ll)RaL2
CR'-X
R-R
L. R
lNi'
R-R Lx RMgX
MgX2
R'X R’
L.: R L‘Ni'
l -
L R LR
R'-X

Figure 7. Ni-Catalyzed Grignard Coupling.

Ph Br i Ph
\—=/"  + PhMgBr N'C'zlphzgfgﬂzp Phal ALV R\_—_\

74% Ph
9 :1 ratio (34)

Ph NiCL[PhoP(CH,)oPPhy) Ph_ . P
L—\ + Pl hMgBr EtzO \='—/ + \=\
Br 100 % Ph

7:93ratio  (35)

Organic electrophiles with other leaving groups in addition to halide leaving
groups also participate in cross-coupling reactions with Grignard reagents. The
organic electrophiles which participate in this reaction include aryl O-carbamates
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(equation 36) (95), aryl z-butyl sulfones (equation 37) (96), and aryl triflates
(equation 38) (95).

@ O._NEt CH3MgX (1 - 2 equiv.) @ CHs

@ I Ni(acac)z (5 %) @
@ Et;0, it, 2-24 h @
8% (36)
PrioN OO Pr,N_ O PiN_ O
$ __4PhMgBr
“Ni(acac)z (5%)
THF, 20 °'C
95% 2% (€Y))
Eto2N___ O EtoN O
oTt TMSCH,MgX (1-2 equiv.) CH2TMS
Ni(acac)z (5 %), Et20
TMS room temp, 2-24 h ™S
3% (38)

Recently the mesylate group was developed as an inexpensive alternative to the
triflate group in Ni(0)-catalyzed homocoupling and cross-coupling reactions. Aryl
mesylates participated in coupling reactions with Grignard reagents (97).

Side reaction products include: homocoupled products derived from the
organic electrophile or the Grignard reagent, reduction of the organic electrophile
and Grignard reagent, and cleavage of the sulfur-oxygen bond of aryl sulfonates
(86-97).

Organolithium compounds can also be coupled with organic
electrophiles(98,99).

Organozinc. Organozinc reagents undergo Pd- or Ni-catalyzed cross-
coupling reaction with organic electrophiles (equation 39). Several reviews are
available (100,101). In this equation R can be aryl, alkenyl, alkynyl, allyl or acyl
and R’ can be alkyl, alkenyl, alkynyl or aryl. Unsatisfactory results are obtained
when R = R' = alkynyl.

R=X + R%Zn —PdO R-R' + ZnXz (39)

In an early example of this reaction aryl and benzyl zinc halides were coupled with
aryl halides (equation 40) (102). Alkynyl zinc compounds cross-couple with aryl
halides (iodides or bromides) in the presence of a Pd catalyst (equation 41) (103) or
e(l}lgg;yl iodides can be coupled with aryl and alkeny! zinc compounds (equation 42)
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cat. Ni(PPhg)4 or

RZnX — + AX Cat PACIp(PPha) + (FBU)2AH RAr
R = Ar, ArCH,
X = Br. Cl
X' =Br, | (40)
_ Pd )
R-CZC-ZnCl +  Ar=X R-C=C-Ar
25°C
R =H, Alkyl, aryl 41)
. PdL .
|-C=C-C4H R-ZnC| ————20—— R-C:zC-C4H
Ho  + n 25 G 4Ho )

The catalysts are typically Pd or Ni phosphine complexes. Ni catalysts are more
reactive and cost less. Pd catalysts usually give better results. Ni catalysts are
more reactive with a number of functional groups. The use of Ni-catalysts with
substrates with C-C triple bonds results in lower yields, presumably due to the
formation of cyclic trimers, tetramers and oligomers (104). Lower yields of the
desired cross-coupled product are obtained in the Ni catalyzed (RX- RZnX)
coupling of alkenyl-alkynyl, alkynyl-aryl, and aryl-alkynyl, alkenyl-alkenyl. An
examples of this cross-coupling reaction is shown in equation 43 (105).

1 3

R_R . PdLy N

R2_<X v Rcezmal 0-25°C R? CiC-R¢
70-87 %

R" = H, or organic group X =1l or Br (43)

Allylic electrophiles also participate in coupling reaction (106-109). Examples are
provided in equations 44 (106,107) and 45 (108). Acyl halides also participate in
cross-coupling reactions (110).

2
. H_R2 PdL H_R

1R-
R-ZnCl XCH, R3 RICH, R3

R" = alkenyl or aryl
X = halogen, OAc, OAIR,, OP(O)(OR),, OSiR3

)\/\/l\l\ H-C=C-CH2ZnBr /K/\/lL/
Pd(PPhg)s (5 %) 100 %

OAc  THF, room temp., 3 h 45)

“44)

Zn reagents with §-sp3 hydrogens are capable of undergoing the coupling reaction
without significant amounts of p-elimination (equation 46) (111) and catalysts with
the dppf ligand are particularly effective (/12-114).
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PO(PPhg)s /\W

81%

Wl + Cin A~z

(46)

Organoboron. The palladium-catalyzed cross-coupling reaction of
organic electrophiles with organoboron compounds in the presence of a base
(equation 47) is known as the "Suzuki" Reaction (for reviews see references 115-
118). This reaction is an extremely important method for the formation of carbon-
carbon bonds. High yields of cross-coupled product are obtained in a regiospecific
and stereospecific manner. A number of different types of functional groups can be
present on either coupling-partner. A wide range of organic halides [including alkyl
(119,120), alkenyl (121-123), 1-alkynyl (122), allylic (123,124), aryl (123,125),
benzylic (124), and heteroaryl (126,127) halides], and triflates (aryl and vinyl)
(128) have been reported to participate in this reaction. The reaction has the
advantage that synthetic procedures and/or methods have already been developed
for the synthesis of a wide variety of organoboron compounds via hydroboration of
alkynes and alkenes and the reaction of metallated arenes with alkyl borates.
Organoboron compounds which couple include alkenyl (121,122,129,130), alkyl
(120,131,132), and aryl boron (125,126,133,134) compounds. Sterically
hindered boronic acids undergo cross-coupling reactions (see for example 135).
The generally proposed mechanism of the reaction is shown in Figure 8 (115).
Recent studies have provided important mechanistic information (136,37).

Pd(0)

R-R'
Base (C))

R-X + R—=B(OH),

The most often used aryl halides in Suzuki reaction are aryl bromides and
iodides (/15-118,). Aryl chlorides do not participate in this cross-coupling reaction
except when used in conjunction with electron deficient groups (138,139).
However, recently promising results have been obtained with aryl chlorides in the
Suzuki reaction when a palladacycle catalyst (see equation 20) is used (140).

The development of reaction conditions for the participation of aryl triflates
in the Suzuki reaction (128,141,142) expands the synthetic utility of this reaction
since triflates are readily obtained from phenols (/43). Due to their inherent base
sensitivity and thermally lability, mild reaction conditions have been developed for
the cross-coupling reaction of arylboronic acids with triflates. High yields are
obtained using weak bases, such as powdered K3PO4 or NapCO3, suspended in
non-aqueous polar solvents (THF, dioxane) (128,142). Alkali metal halides are
added to promote the cross-coupling and/or to prevent the premature catalyst
decomposition (128,141). The utilization of more efficient catalysts such as
PdCly(dppf) also permit this reaction to proceed at lower temperatures (128).

Progress has been made in extending the Suzuki reaction from aryl triflates,
to other less reactive aryl sulfonates, which show poor reactivity towards oxidative
addition to Pd(0). A recent approach to this problem involves the activation of aryl
El}iﬁl;)tcs by complexation of electron-withdrawing Cr(CO)3 to the arene moiety

Alternative sulfonate leaving groups besides triflate have not been reported
to be active in Pd catalyzed Suzuki-type reactions. Aryl mesylates,
benzenesulfonates and tosylates are much less expensive than triflates and are
usually unreactive towards palladium catalysts. However, in the first example of
the use of a Ni-catalyst in the Suzuki reaction, aryl mesylates participated in cross-
coupling reactions with arylboronic acids in good yields (equation 48) (145).
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Pd(I)Clal2
Reduction
Ar-Ar
Pd(0)L> AIX
L _Ar L _Ar
( ~Pd ( ~Pq
L~ Sar L7 x
[B(OH)3X] A OH’
L\ Vd r
(o
L OH X
[Ar'B(OH)3y"
fon
Ar'B(OH),

X= leaving groups  Lp= @—PPhg or other ligand
fe
o PPhe
(dppf)

Figure 8. Suzuki Reaction Mechanism
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OMs B(OH),
NiCly(dppf), Zn @
* K3POy4,dioxane CH30
100°C, 24h
OCHg3 81% (48)

The Pd(0) catalyst precursor can be added to the reaction vessel in its
zerovalent or 2+ oxidation states. Examples of typical catalyst precursors are
Pd(PPh3)4, Pd(dba),, and PdCly(dppf). Heterogeneous Pd-catalysts are also
effective. For example palladium supported on carbon (Pd/C) is an effective
cIatzg)'ISt for the coupling of aryl halides and triflates with phenyl boronic acid
(146,147).

As in other Pd-mediated homocoupling and cross-coupling reactions, the
phosphine ligands can participate in side reactions leading to the formation of
phosphonium salts and organo phosphine ligands in which one (or more) of the
original organic groups has exchanged with the organic group from the electrophile.
These side reactions can be avoided by the use of a phosphine-free Pd-catalyst
(148,149).

Areneboronic acids undergo a base-catalyzed protodeboronation reaction
(150) which can lead to significant consumption of the aryl boronic acid under the
basic reaction conditions of the Suzuki reaction (for example see reference 151 and
references therein). In many reactions the addition of a slight excess of the
organoboronic acid is sufficient for controlling this side reaction. In other reactions
this problem is controlled by the use of the ester of the boronic acid and an
an;lydrous base (e.g. K3POy4 or Cs2CO3) in nonaqueous solvents (e.g. DMF)
(135).

The ability of aryl and alkenyl boronic acids to oxidatively add to Pd(0) was
demonstrated by their participation in cross-coupling reactions with alkenes (152).
Homocoupled products derived from organoboronic acids have been identified in
Suzuki reactions. This reaction was applied to the synthesis of coupled products
derived from the homocoupling of organoboroxines (153).

Organostannane. Organic electrophiles usually unsaturated halides and
triflates undergo a Pd catalyzed coupling reaction with organotin reagents in a
reaction known as the Stille reaction (equation 49) (for reviews see references 154-
156).

Pd
R=X + RS —9@ AR+  R"%SHX 49)

Although the tin is bonded to four organic groups, one group can be selectively
transfered when the R' groups are alkyl (typically methyl or n-butyl) and R" is
another type of group. This reaction is widely used because of many desirable
features. High yields are obtained under mild reaction conditions. The reaction is
not extremely air sensitive and tolerates water. The reaction can be performed in
aqueous solvent mixtures (157). A variety of types of organic electrophiles can be
utilized including the following: vinyl epoxides, halides and triflates; aryl and
heteroaryl halides, triflates and arene sulfonates (158,159); acid chlorides; allyl
halides and acetates; benzyl halides; a-haloketones and a-haloesters (unless noted
otherwise see references 154 to 156, for a review of vinyl triflates see 160). Even
less reactive substrates such as sterically hindered aryl triflates with electron-
donating groups undergo high yield coupling reactions (161,162). The organotin
reagents are relatively easy to prepare. A number of synthetic procedures are
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available for the preparation of highly functionalized organotin reagents. Many
different types of groups are efficiently transfered. The organotin reagents are
robust can be purified by conventional purification techniques such as distillation,
column chromatography and recrystallization. A large number of different types of
functional groups can be present on either coupling partner, including ester, nitrile,
ketone, alcohol, nitro, aldehyde, epoxide and carboxylic acid groups. The coupling
reaction is regioselective (allyl halides), stereospecific (sp3 carbons), and proceeds
with retention of geometry (vinyl halides, vinyl tin).

The most commonly proposed mechanism is shown in Figure 9. This
mechanism involves the same basic steps (oxidative addition, transmetallation,
isomerization, and reductive elimination) as discussed previously. It is important to
note that the mechanism shown in Figure 6 is more consistent with the recent
developments of the Stille reaction. The exact mechanism followed may vary
depending on the exact substrates and reaction conditions.

Pd(Il)XzoL2
Reduction

y
L-Pd(0)-L
L
R-R:

Reductive Oxidative

2L Elimination Addition 2L
] ;
R-Pd(ll)-L R-P|d(ll)-X
R' L

Trans-Cis Transmetallation R'-SnR"3

Isomerization
X-SnR"3
R-Pd(I)-R’
L
Figure 9. Commonly Proposed Stille Reaction Mechanism
A carbonylative Stille coupling reaction occurs in the presence of carbon monoxide

(155,163). The CO insertion occurs after oxidative addition and before the
transmetallation step (Figure 10).
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Pd(Il)ClaLo
Q !
R-C-R' L-Pd0)-L, R-X
L
2L 2L
QL 0
R-C-Pd(ll)-L R-Pd(ll)- X
R' L
co
QL QL
R-C-Pd(l)R’ R-C-Pd(ll)X
L L

X-SnR"3 R'-SnR"3

Figure 10. Carbonylative Stille Reaction

Both Pd(0) and Pd(II) catalyst precursors are effective. The Pd(II) is
reduced to Pd(0) prior to entering the catalytic cycle. Triphenylphosphine (TPP)
ligated catalysts such as Pd(PPh3)4,(PhCH2)PdCI(PPh3)2, and PdCl(PPh3); are
effective for many coupling reactions. In some cases substrates which are either
unstable at the required temperatures or which have low reactivity with
triphenylphosphine based catalysts have been coupled by modifying the ligands.

Rate accelerations of up to 103 were obtained with tri-2-furylphosphine or
triphenylarsine ligands in cross-coupling reactions involving olefinic stannanes and
organic electrophiles (/64). The rate and yields of coupling products of
arylstannanes and olefinic triflates were increased with triphenylarsine ligands
(165). AsPhj is soft ligand and ligand dissociation occurs more easily. High
yields of cross-coupled product have also been obtained under mild conditions
when "ligandless" catalysts (166) were used in which solvent molecules functioned
as weak donating ligands (167).

The addition of cocatalytic amounts of Cul (or other Cu(]) salts) facilitates
the efficient cross-coupling of many organic electrophiles and organostannanes
which are otherwise difficult to couple and in many other reactions accelerates the
rate or increases the yield (/68-175). One effect of Cu is to scavenge free ligand
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when strong ligands such as PPh3 are present in ethereal solvents, thus increasing
the rate of the transmetallation step. In highly polar solvent Cul reacts with
organostannane to provide an organo-copper species which can participate in a
transmetallation reaction to give the cross-coupled product (Figure 11) (175).

R'SnBug R- Pd—l R'SnBus
ISnBug R- |i’d =R’ 1ISnBug
L
Figure 11. The Effect of Cul in Highly Polar Solvents.

A side product can be formed from the cross-coupling of a phenyl group
from triphenyl phosphine and the organotin reagent. In coupling reactions of aryl
halides, the amount of side product formed is related to the electronic properties of
the substituents. The lowest amount of side product is formed with strongly
electron-withdrawing groups. Increased amounts are formed with electron-
donating groups (176). In this case, a mechanism involving the reversible Pd-
catalyzed formation of tetraaryl phosphonium salts was proposed. The oxidative
addition of the phenyl-phosphorous bond of this phosphonium salt to Pd followed
by transmetallation and reductive elimination would produce the side product. A
different mechanism was proposed for the methyl-phenyl exchange which occurred
in competition with the transmetallation reaction when trans-CH3Pd(PPh3)2l is
treated with (p-anisyDtributyltin. This exchange was found to occur in benzene
without the participation of a free phosphonium ion and without phosphine
dissociation (177).

Transition-Metal Mediated Polymerizations

Polymer Forming Homocoupling Reactions. The high yield
homocoupling of aryl halides and sulfonates has been extensively applied to the
synthesis of aromatic polymers. Two types of aromatic polymers are prepared by
this method. The first type contains heteroatom linkages between aromatic groups
and the second type contains only aromatic groups in the backbone.

In the first example of the application of the homocoupling reaction of aryl
chlorides to polymer synthesis, high molecular weight polyarylether sulfones were
prepared by the Ni(0) catalyzed homocoupling reaction of 4,4'-bis(p-
chlorophenoxy)diphenylsulfone [equations 50 (/78) and 51 (179)].

Q !
OO0 stz
(0] bipyridine (<2.5%) or NaBr, Zn

70°C,24h
Q
O 0
%@ -0+~
RV = 0.81 dlL/g (NMP, 25°C) (50)
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~O--O--O--O —monrmes

Zn (1.55 equiv. per Cl)
DMAc,95°C,2h

fo+o-010]

99 % yield
MNinh = 0.30 dL/g (0.5 g/dL NMP, 30 °C)

(1)

The Ni(0) catalyst was generated by the reduction of NiClp with Zn in the presence
of PPh3 and bipyridine in DMAc. Reaction conditions were chosen to minimize
side reactions such as the reduction of ArCl to ArH and transarylation from
triphenylphosphine. The most significant variable was the concentration of PPh3.
The reaction temperature also had a large effect on the molecular weight of the
polymer. As the temperature increased the number of side reactions increased. The
amount of Zn present was also very important.

Polymers with heteroaryl backbones could also be prepared by this method
(178,180). 2,5-Dichlorothiophene was polymerized by this method (equation 52)
(178). High molecular weights were not obtained due to premature precipitation of
the polymer. The transarylation side reaction (equation 9) was inhibited by the
presence of bipyridine and excess PPh3 (vs. NiCly).

m’@cn _%1':__ @ (52)

Almost simultaneous with the report of the preparation of polyarylether
sulfones, aromatic polyether ketones were prepared via the Ni(0) catalyzed
polymerization of aromatic ether ketones with chloro groups at each terminus
(equation 53) (181). The reaction proceeds rapidly under mild conditions.

Ao -or i s
[O-+-0--0-

Molecular weights were limited by the solubility of the crystalline poly(ether
ketone)s and by reduction and transarylation side reactions (/81).

The Ni(0) catalyzed homocoupling reaction of aryl halides and sulfonates is
also an excellent method for the preparation of high molecular weight soluble
poly(p-phenylene)s and poly(arylene)s. The development of this methodology
began with the synthesis of soluble functionalized PPP and polyarenes from
substituted dichlorobenzene (28,29,31) and the triflates (28-31,182) of
hydroquinones and bisphenols (equations 54 and 55).
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R R
54
CO2CH3 CO2CH3 CO,CH3
0 NiClo(PPhg)2, Zn d>
HO‘@'O“ pyridine T'O@OT' EtqNI, THF

67°C,1h n
(55)

The polymerization of substituted dichlorobenzenes (equation 56) has been
extensively utilized for the synthesis of PPP (182-190) and other related polymers
(183,187,189,191,192).

CO2CH3 CO2CH3

<:</ NiClo(PPh3),, Zn
ct cl EtgNI, THF

67°C,1h (56)

In one approach to the synthesis of soluble PPP, 2,7-dibromo-4,9-di-n-
octyl-4,5,9,10-tetrahydropyrene was polymerized by a Ni(0) catalyst (equation 57)
to give a polymer with an average DP of 40 (GPC vs. polystyrene standards) which
corresponds to 80 phenyl units per chain (193). The ethandiyl bridges and octyl
groups (R = octyl) increased the solubility of the polymer without reducing the
conjugation between adjacent phenyl groups. Side reactions were decreased by
having no substituent groups ortho to the bromo leaving groups of the monomer.

R
@).@ Br Ni(COD), 2,2'-bipyridyl
. COD, toiuene, DMF

DP =40 (57)

The polymerization of aryl bistriflate monomers derived from
hydroquinones and bisphenols is important from a synthetic perspective. Synthetic
procedures and/or methods for the preparation of a variety of substituted
hydroquinones and bisphenols already exist. In most cases, these compounds can
be easily converted in high yields to the corresponding bistriflates. However, the
cost of the reagents necessary for this conversion has limited the application of this
methodology. Reaction conditions for the polymerization of aryl bismesylates,
which are much less expensive sulfonates, have recently been developed for the
synthesis of high molecular weight soluble PPPs (equation 58) (194).
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R R
0o NiClx(PPhg)2 (10 %), PPhg (60 %) o
Et4NI (1.5 equiv), Zn (7 equiv)
MsO @ OMs THF, 67 °C, 24 h @ n
DP=101 (58)

Examples of the preparation of polythiophenes by the Ni(0) catalyzed
polymerization of dihalothiophenes are shown in equations 59 (159) and 60 (196).

R R

5 (_S/ Vg NiCla(dppp) (2.5 %), Zn (3 equiv) ((‘S/ \)
g7 o HMPT, 40 'C, 6 h s” /n
oligomers

R = CHO, CH=NOH, CN
(59

0
o™ c'a/\ /\o
0 o ( ]
[ j Ni(COD)z (133 %), bpy (133 %)
COD, DMF, 48 h, 60°C

I\

Cl /N Cl S n
S

My = 7.4 x 10°
DP = 2460
(60)

Heck Reaction Polymerizations. The Heck reaction is readily
applicable to the synthesis of poly(arylenevinylene)s and poly(heteroarylvinylene)s.
Poly(1,4-phenylenevinylene)s have been prepared with both AA/BB-monomer
pairs and AB-monomers. The AA/BB-monomer pairs are typically dihalogenated
arenes and ethylene (197) or divinylarenes (/98). Bromostyrene (equation 61) is
an example of an AB-monomer (/99). The molecular weight of the polymer
obtained by the polymerization of 4-bromostyrene (equation 61) was limited by its
poor solubility (199).

— Pd(OAc),, P(o-tolyl)s CH=CH
Br _©'CH CHz  —Ngus DMF, 140 'C, 64 h n

(61)

The attachment of substituent groups to the polymer backbone (197,200,201)
resulted in more soluble polymers with higher molecular weights (equation 62)
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(197). Similar polymers with alkyl or poly(oxyethylene) groups as spacers in the
main chain have also been prepared by this method (202).

R

R
Br—@-c H=CH, Pd(OAc),, base —(@-c H=C Ha-
n

R = CHg, CF3, Ph

(62)

The preparation of soluble polymers with high molecular weights allowed
the identification of structural irregularities produced by side reactions. The number
of these defects was a function of several variables including reaction conditions
and monomer structure. The most favorable reaction conditions in the reaction of
dibromoarenes with ethylene or vinylarenes involved the use of low catalyst
concentrations and low temperatures. Monomers containing COCI leaving groups
were prone to side reactions (203).

Side reactions which limit the molecular weight of the polymer, by
producing nonreactive end-groups, are reduction of the aryl halide and reactions
involving the phosphine cocatalyst (203). These side reactions can also be
minipt:lizcd by keeping the reaction temperature and amount of catalyst as low as
possible.

Heterogeneous catalyst are also effective for the preparation of polymers by
the Heck reaction. Palladium-graphite (Pd-Gr) was used for the synthesis of
polycinnamamide from N,N'-(3,4-oxydiphenylene)bis(acrylamide) and bis(4-
iodophenyl) ether (equation 63). No phosphine or bipyridyl ligand was necessary.
The presence of tri-o-tolylphosphine actually inhibited the reaction. The molecular
weight My, increased gradually to approximately 9 x 104 over 20 hours and then
remained constant (204).

02000 SRR 2268

Pd-Gr, NBuz, DMF
100°C,40h

O
bé@ 3‘\\_@0@

95 % yield
Ninh = 0.95 dl/g 63)

The synthetic importance of the Heck reaction is illustrated in the
preparation of regiochemically pure poly(p-pyridyl vinylene)s (PPyV). PPyV can
have pyridyl repeat units with three types of arrangements, head-to-tail (HT), head-
to-head (HH), and random (R). An investigation of the potential photophysical and
electroluminescent properties of poly(methylpyridinium vinylene)s derived from
PPyV necessitated the preparation of regiochemically pure polymers of these three
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types. In this case the Heck reaction was used to produce the HT isomer (equation
64) and the Stille reaction was used to produce the other two isomers (205).

Br.
\L/j\/ PdCly(PPhg), W
O NEts, NMP /7 N
NP 120°C Q n

Regiochemically pure HT - PPyV
> 95 % yield, M, =11,000 (64)

The Heck reaction was also used to synthesize the polymers shown in equations 65
(71), 66 (206), and 67 (207).

/ iy /
26—

n (65)

BrBHSCg Paorc [ O
@ _ NEts \ @ )

DP=8 (66)

Pd(OAc),, P(o-tolyl)s
NBu3, DMF, 100 °C,3-4h

M = Hp, Zn, Cu, Ni (67)
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Polymers From Cross-Coupling Reactions of Alkynes.
Examples of the preparation of polymers and oligomers from a cross-coupling
l('gzgtxzons involving alkynes are shown in equation 68 (208) and Figure 12

10).

I5(PPhg)2, Cul, PP
H-C= c-@c C-H + Br—@— PdCly(PPha)z, Cul, PPhs
Pd(PPhg)s, Cul, NH3, toluene

%ﬁyﬂ%

(68)

Polymerlzatlon of Organomagnesmm Compounds The coupling
reaction of organic electrophiles with organomagnesium reagents is applicable to the
synthesis of PPP. The first application of this reaction was the polymerization of
1,4-dibromobenzene (equation 69) (211). Stoichiometric amounts of Mg were
added to form 4-bromomagnesium bromide, this substrate was polymerized by
various transition metal catalysts including NiCly(bpy) and NiCla(PPh3)s.

1. Mg, THF
B'_@B' 2. NiClp(bpy), 67 °C, 5 h ( O )n 69)

This method was also used for the polymerization of disubstituted 1,4-
dibromobenzene (equation 70) (272). This produced a polymer with a regloregular
structure connected in a 1,4-manner. The maximum DP obtained was 13. Two
types of end groups were identified (a) unreacted Br and (b) reduced Br. The
proton for reduction may be from adventious water sources or from Ni-catalyzed

cleavage of the a-CH bond of THF. The choice of reaction solvent is limited by
the solubility of the Grignard reagent.

R 1. Mg (1.0 equiv) R R R
oo o SISO
2. NiCla(bipy) (0.5 - 1.5%) n
R R R

R reflux, 48 h

R = n-hexyl, n-octyl bipy = 2,2"-bipyridyl X=HorBr
(70)

Other examples of the synthesis of PPPs by this method are provided in equations
71 (213),72 (210), and 73 (210).
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A: 1.LDA -78°Cto0°C 7\

215,78 °C <
/ 2 ! ~1ms
1

4+ 4w —C: PACL(PPha)» (2 %)
1+ 1-H Cul (1.5 %), THF
FProNH, 23 °C

A 2-1
/ c

A 3-1
3 C
e
A 4-l
4 (o]
e

Figure 12. Step-wise Preparation of Oligo(Ethynyl Thiophene).
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O @)
Br @ Br_Mg._.>Br @ MgBr Ni { \Q_/ }

(71)
CeHy3
I CeHia

OCH:A | 7 ochs
g .
NiCla(dppp)
o (3}
| | OCH3 / OCHj3
CeHia CeH1a
90%
M, = 3800 g/mol
(72)
Ph
OCH3
M |
¢ NiClz(dppp)
THF
OC Ha
Ph
— OCH3
OCHjs n
Ph
85%
Mp = 3200 g/mol
73)

Poly(thiophene)s have also been prepared from the coupling reaction of
Grignard reagents with organic electrophiles (214-220). Poly(3-alkylthiophene)s
can be prepared with a high degree of regioselectivity, to give highly ordered
polymers with almost exclusive head-to-tail (HT) coupling (equation 74)
(218,220). There are four possible structural arrangements for each triad of
thiophene units (Figure 13). The polymer structure was determined to consist of
91% HT-HT coupling sequences when a dodecyl group was attached (R =
Ci2H2s). The molecular weight was determined by both GPC (My, = 11,600, DP
= 46) and NMR (DP = 64).
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R R R
{ \S 1. LDA, THF [ \S NiCla(dppp) ((‘S/ \)
B — 2\
s’ o ~40°C.d0min. DM BT TECic20 C s” ’n
2. MrBry'OEty, 18h

-60°C to -40°C, 40 min
3. -40°Cto-5"°C, 20 min
R

Yield HT My,
n-butyl 69 93 %
n-hexyl 36 98 % 10,000*
n-octyl 65 97 % 24,424
n-docecyl 33 95 %
*of THF soluble fraction 74
R RR
(/\f(/"f\ (‘f/\ N 4NN
S S S S S S
HT HT HT HH
R R R RR R
N\ \_{ N N N4\
S S S S S S
TT HT HH TT

Figure 13. Four Possible Structural Arrangements for each Triad of
Monosubstituted Thiophene Units.

The key to the regioselective synthesis is the regiospecific metallation of the
2-alkyl-1-bromothiophene monomer with LDA at the 5-position with no scrambling
prior to the coupling reaction (220,221).

) Polythiophenes with etheric side chains can also be synthesized (eq 75)
(222).

R R R R

(/ \S B¢ 1. LDA, THF, -78 °C, 45 min P\ / \ / \
S 2. MgBr2'OEtz, 4 h S S S

3. Ni(dppp)Cla, -78 *C 10 25 °C, 36 h

ForR =
R = CH,0CH2CH20CH,CH20CH3 CH20OCH2CH20CH2CH20CH3
(C:HgggHzCHzOCHa 65 % yield
H2OCHg3 Mw = 71,000
CH,SCH3 B 160
99 % HT

a5
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The polymer’s conjugation can be tuned by mixing the copolymers appropriately
(equation 76) (222). The formation of head-to-tail linkages is important in regard to
obtaining electrically conducting polythiophenes.

R R?
/ \ [/ \S
BrM B
rMg S r + BrMg S Br

R R
| 1. NiCly(dppp) (0.5 %), 25 °C, 14 h A\ (7
2. NiClo(dppp) (05 %), 25 °C, 12 h s IxCs” Iy,
Ry = Cy2Hzs;
R2 = CgH13, CH3, or H
(76)

Polymerization of Organozinc Monomers. The Ni(0)-catalyzed
cross-coupling reaction of heteroarylhalides and organozinc compounds has been
applied successfully to the synthesis of substituted poly(thiophene)s with very high
degrees of regioregularity. Polymers with regioregularities of approximately
98.5% head-to-tail (HT) are obtained in four hours at 67 °C with a NiCla(dppe)
catalyst [dppe = bis(diphenylphosphino)ethane] from a 9:1 mixture of 2-bromo-5-
(bromozincio)-3-hexylthiophene and 2-(bromozincio)-5-bromo-3-hexylthiophene
generated with Rieke Zinc (Zn*) (Figure 14) (224). The higher regioregularity than
would be expected from a 9:1 mixture of monomers was rationalized by a rapid
equilibrium reaction between the two monomers (equation 77). The regioselective
control was rationalized on the basis of steric congestion at the reductive elimination
step. Upon changing to the less sterically demanding triphenylphosphine ligand or
upon changing the metal catalyst to the larger metal Pd, the regioselectivity
degieased. A completely random structure was obtained using a Pd(PPh3)4
catalyst.

(CH2)gH Ni (CH2)gH
I\ ' f\
Brz S Br Br S ZnBr an

The Pd-catalyst was also effective for the polymerization of 1,4-

diiodobenzene (equation 78), 2,5-dibromothiophene (equation 79) and several 3-
alkyl-2,5-dibromothiophenes (equation 80) (225).

Zn* Pd(PPha)g (0.2 %)

30 min
(78)
i/ \ Zn* /\ Pd(PPha)4 (0.2 %) I\
Br—(s—)—Br —.ﬂ'?F Ban—(;)—Br 67°C 4h T
79)
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(CH2)eH (CHz2)eH (CHz)eH
J \ Zn(1.1 equiv.
Br’lsj*Br THF, rt.,1h Brzn /S ) Br * Br /S ) ZnBr
90 % 10%
(CHz)sH
Pd(PPhg)4 (0.2 %) ( (/ \S )
67°C,4h
100 % regiorandom
(CHz)sH
(CH2)eH )
/ Ni(PPha)4 (0.2 %) AR
Ban / 67°C,4h ( ( ) )
90% 65:35
(ratio HT : HH)
* \ (CH2)eH
(CH)eH
R PdCh(dppe) (02%) [ I}\ \
Br—\g/~2nBr 67°C,4h \ s /n
10% 70:30
(ratio HT : HH)
(CH2)gH
NiClo(dppe) (0.2 %) J \
67°C,4h S n
98.5% HT
Figure 14. Effect of Metal and Ligands on Regioselectivity
R R R R
Zn* Pd
Br@—Br I—— Ban@—Br + Br—@—ZnBr —_— -é@);
B _Ratio HT
-CHj 80 20 98 %
—O 71 29 96 %
-Ph 66 34 98 %
(80)
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The preparation of HT regioselective thiophene polymers results in an
improvement of their electroconductivity, nonlinear optical and magnetic properties.
Improved selectivity of the reaction of Zn* with 2,5-dibromo-3-alkyl thiophenes
was achieved by performing the reaction at -78 °C and warming to 0 °C (equation
81) (226). The reaction of 3-alkyl-2-bromo-5-iodothiophene with Zn* at 0 °C
resulted in the quantitative formation of 3-alkyl-2-bromo-5-(iodozincio)thiophene
(equation 82).

R R R
_ﬂ_ Zn*, THF [ \S { \g
Br S Br ——*———»_78 CloRT Brz S Br + Br S ZnBr
4h
—R  Ratio R Ratio
n-butyl 94:6 n-decyl 98:2
n-hexyl 97:2 n-dodecyl 98:2
n-octyl 98:2 n-tetradecyl 98:2
(81)
R R
{ \S Zn*, THF [/ \§
| s Br 0°C.1h 1Zn s Br
>99%
82)

The mechanism of polymer formation involves oxidative addition,
transmetallation (or disproportionation) and reductive elimination. Reductive
elimination was the rate determining step in the coupling reaction. The degree of
stereoregularity was suggested as being controlled by sterics in the transmetallation
(or disproportionation) step. The structure was determined by four different signals
of the 4-proton of thiophene for the four triads possible (HT-HT, TT-HT, HT-HH,
TT-HH). Alternatively two different diads (H-T and H-H) could be distinguished

from the resonances of the o or f methylene protons. When the alkyl group was
butyl, 97 % of the linkages were head-to-tail. For the longer alkyl groups greater
than 98.5 % were head-to-tail.

The preparation of regioregular poly(3-alkylthio)thiophene has also been
accomplished by this method (equation 83). The introduction of an alkylthio
substitutent which is directly bonded to the 3-position of the polythiophene
provides a way to tune the electrical and physical properties of the polymer (227).

SR SR

[/ \S NiClo(dppe), THF ([/ \S )

Brén S Br rt. t0o 67 °C s” /n
>90% HT-HT (83)

The coupling reaction of organic-zinc compounds and organic bromides
was also used to prepare a conducting polymer containing synthetic molecular
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receptors (Figure 15). This was the first example of the use of molecular
recognition for producing reversible changes in the electroconductivity of a polymer
(228). Polythiophene based pseudopolyrotaxanes have also been prepared (229).

) o) o) o] 0

1. Bul.i (2 equiv.), LiCI {10 equiv), THF, 0 °C, sonicate
2. ZnCl, (2.2 equiv), THF
3. 3-decyl-2,5-dibromothiophene (1 equiv), Pd(PPhg)4 (3 %)

OhO/_\ p O/_\O

(CH2)10H

/l\ S\

s” N[ s
0.

uouo;/ o

98 % yield
My, = 6500 g/mol (GPC)
PDI = 2.89

Figure 15. Preparation of Conducting Polymer Containing Synthetic
Molecular Receptors

Suzuki Reaction Polymerizations. The Pd-catalyzed cross-coupling
reaction of an organic electrophile and an organoboron compound in the presence of
base has been extensively applied to the synthesis of polyphenylenes and related
polymers. Well defined structures are obtained as a result of the regiospecificity of
the Suzuki reaction (84) (230). The solubility of the polymers is commonly
enhanced by the presence of alkyl or other types of substituents [for example see
equations 85-87 (231,232,233 respectively and 234)].
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CeHi3 CsHi3
. B(OH), —POPPh) (05 %) [ /Q’\ \
NazCOj3 (2 M),benzene \ >—/ / n
CeHia reflux temp, 2 days CeH13
DP = 28 (VPO)
(84)
R R
Br B(OH), Pd(PPha)a. [ @ \
Na,COg3 (2 M), toluene \ >_/ /
R reflux temp, 2 days R n
R=H
= CHg, (CH2)2C(CHjg)s,
= (CH2)nCH3
n=3,5,6,7,8,11,15 @5)
Br R
R
R R n
B(OH),
R = CgH13, cyclohexyl
(86)
CH20(CH2)4H CH20(CH2)4H
Pd e U
Br B(OH), \ @ /
n
CH20(CH)4H CH20(CH2)4H
87

Statistical copolymers are obtained when two different AB monomers are
copolymerized (equation 88) (231).

R’ R
Pd(PPha)s,
BI'—@‘B(OH)Z + Bf‘Q—B(OH)g NazCOj3 (2 ﬁ%l,ltoluene
R' R reflux temp, 2 days

R,R'=H R’ R
= CHg, (CH2)2C(CH3)3,
= (CH2)nCH3 _E@/.@%..
n=3,5,6,7,8,11,15
R' R n

(88)
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Alternating copolymers are obtained by the polymerization of AA/BB
monomers with different substituent groups [equations 89 (235) and 90 (232 )].

Br B(OH)2 R R'
R R’
‘ — KOO
R R' n
Br B(OH)2 R R
R= R' =
CeH13 CeHi13
Ci2Hzs Ci2Hzs
(CH2)3CeF 13
(CH2)3CgF17
89)
R R’ R R’
Br Br +(HO).B B(OH)» [ O
Pd(PPha)e (05%) \ n
R R' toluene/ NaoCO3 (2 M) R R'
reflux, 5 days
R = CH,0(CHp)4H
R'= (CHp)eH
90)

A polymer with random configurational isomerism is obtained in the polymerization
shown in equation 91 (233).

o
Br B(OH)2

Br ¥ (HO)B

/" \ = (CHao

on
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A variety of groups can be part of the main chain. The solubility of the
polymer can also be enhanced by the presence of oxygen linkages (or other
appropriate groups) in the main chain (equation 92) (236). A large number of
functionalities can be inserted in the polymer since the Suzuki reaction tolerates
them. The groups can be transformed in a subsequent step. For example, carbonyl
groups are present in the reaction shown in equation 92.

R
w— OO+ vom—Dy-on
R

-X- = -O-, -CO-, -COCO-

Pd(PPh3)s
toluene/ Na;COj3 (2 M)
reflux, 2 days

fop-09

Polymers incorporating polyimide groups can also be prepared by the
Suzuki reaction (equation 93) (237).

R O O R R
R (o) O R R

92)

93)

Carboxylate groups can also be present. Water soluble (as the sodium salt) PPP
was synthesized by the Suzuki reaction as shown in equation 94 (238).
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CO2H
0, o
«—~O—~Or= . [ ~O~O—=)
(o) o

HO,C

Pd[P(CgHs)2{m-CgHaSOsNa)l5 (1.5 %)
H,0, DMF (30%), NaHCOs, 85 °C, 10 h

CO2H

O-O-O—Oxn;

HOLC

Mw = 50,000 g/mol (vs. DNA )
by poly(acylamide) gel electrophoresis
94)

Polymers with sulfonate groups have also been prepared by the two methods
shown in equations 95 (239) and 96 (240).

CHj
CH3 \l,=o
o o Pd(0), NaxCOs
C 9 B, :> * Br Br H,0, THF, Toluene

o o reflux

Ci2Hzs

CHgj

09
CHy S=0 ] CHs  SOsNa
\_7/ Jn 1. n-BuONa / n-BuOH
C12Hzs reflux Ci2Hzs

2. H20, 50°C

M, = 36,200 (VPO)
M, = 75,000 (GPC)

95)
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SO3Na SO3Na

Br Br + (HO)gB—©—B(OH)2

A. Pd[P(CgHs)2(CeHqSO3Na)l3
SO3Na NayCOj3, H20, DMF, 85 °C SO3Na

OO

(96)

Alkylboronates and aryl halides have been cross-coupled in the
polymerization reactions shown in equations 97-99 (241).

V4 1. 9-BBN
X‘@'O'(CH2)9'/ 2. PdCly(dppf), PTC
3.[0]
X=Br, |
X—©—O'(CH2)11—©— (CH2)11-OH
Mn = 3000 7
/ 1. 9-BBN
Br 2. PdClx(dppf), PTC
3.[0] n 98)
_ _1.9BBN
ANNNF T 271,4-dibromobenzene (CHa)g
PdCl,(dppf), PTC n
3.10] 99)

The variety of functional groups which can be present, and the
regioselectivity of the reaction make this reaction the key step in the synthesis of
well defined ladder-type polymers as shown in equations 100, 101 and 102
(242,243,244 respectively).

CeH1a 0

(HO)2B B(OH), + Br Br Pd(PPhg), toluene

iM KzCOa (aq)

CeHi3 o)

1. LiAlH4 THF, Toluene
2. BF3, CH,Cl,

R = p-CeHsC1oH24
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‘R
(HO)2B B(OH)2

R’ Pd(0)

R Ar Ar R’

1. LiAlH4

L oahgySwe

3. DDQ
R' Ar Ar R
R= -CgHs
Ar = p-CeHgq—C1oH2q o1

CeHi3z
(HO)2B B(OH)2, + Br

CeH13

RMgBr

R = CgHs, C1oH21, or p-CgH4N(CHa)2

(102)

In Step-Growth Polymers for High-Performance Materials, Hedrick, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Publication Date: May 5, 1996 | doi: 10.1021/bk-1996-0624.ch001

Downloaded by 89.163.35.42 on October 11, 2012 | http://pubs.acs.org

46 STEP-GROWTH POLYMERS FOR HIGH-PERFORMANCE MATERIALS

Other examples are shown in equations 103 (245) and 104 (246).

HN(BOC) o R
O, 0O Pd(dba), (1 %), PPhg (45 %)
O,B Bb + Br Br DME, NaHCO3, F;0, 85 °C
HN(BOC 0
(BOC) R
N=
CF3CO,H [ —
\ 7/
N
R
R = C4Hg, 90 %
R= C4Hg, 63%, M, = 9,850 4119
R= c,;st, 97%, M, = 28400 R = C12H2s, 97 %
(103)
Ar
4 R
I |+ Pd(dba), (0.3%), PPhq (2.4 %)
(HO)2B Q B(OH). KOH (10 equiv.), 6:1 PhNOoH,0
85 °C
4 R
Ar
Ar
Y/ |
R P
V4
Ar
R = OCypHz; 95 %
R=CyHps 91% Ar = p-CgH4OC12H25 (104)

The synthetic utility of the Suzuki reaction for polymer synthesis has also
been demonstrated through the synthesis of polymers with Frechet-type dendritic
substituent groups (247) and through progress made toward the preparation of large
oligophenylene cycles (248).

The side reaction responsible for the coupling of phenyl groups from
triphenylphosphine with the organic electrophile (see 148) has also been identified
as being capable of incorporating phosphorous into poly(p-phenylene)s synthesized
by the Suzuki reaction (249).

Stille Reaction Polymerizations. Although the Stille reaction has not
been as widely applied to polymer synthesis as the Suzuki reaction, a number of
different monomer pairs can participate in the reaction to give a variety of polymer
types (equation 105) (250).

In Step-Growth Polymers for High-Performance Materials, Hedrick, J., et a .;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Publication Date: May 5, 1996 | doi: 10.1021/bk-1996-0624.ch001

Downloaded by 89.163.35.42 on October 11, 2012 | http://pubs.acs.org

1. PERCEC & HILL  Ni- and Pd-Catalyzed C—C Bond Formation 47

R3Sn-Ar—SnR3 + X-Ar=X

—fAr-ard

X=8Brl
Bu3Sn=Ar-SnBus
Bussn—CEC—©—CEC-SnBU3 Buasn—©—0—©—SnBua
Br—Ar-Br

CH3
Br@-Br Br—©—8—©—8r Br—CHy=CH:=CH-CHy—Br
CHs
/@\ Br 8—% Br BrCH —@—CH Br
Br” s’ “Br 2 2

(105)

Monomers containing acylchloride groups have been polymerized (equation 106)
@51). :

0 0 SnMeg 2
CI/C C\Cl N Pd \©\
& ln
SnMej

(106)
The polymerization of aryl bistriflates with aryl bis(trimethylstannane) gave

oligomers with an average DP of 11 (equation 107) (252). The low solubility of
the polymer was cited as the cause of the low DP.

R
TfO-@-OTf + Messn—©—SnMea
| R
Pd(PPhg)g/LiCI
1,4-dioxane n

R = (CH2)nCHg3; n = 5,7,11 DP = 11
= (CH2)10C0O2C2Hs (107)

Copolymers with alternating benzene-thiophene units have been synthesized
via the Stille reaction of both substituted aryl halide and triflate (equation 108)
(253,254). The molecular weight was 14,000 by GPC when n was equal to 16.
This corresponds to a DP of approximately 22.
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PACI(PPha)z (5 %), THF

" /_\

BuzSn S SnBuj For X= | Q(CH2)nH
+ I\
S n
O(CHz)H  For X =OTf O(CHg)nH
~\©\X \\_/
O(CHg),H Pd(PPha)4 ( %), LiCl, THF
n=4,5,6,7,8,9, 12, 16. (108)

Polythiophenes incorporating crown ether groups were synthesized as
shown in equation 109 (255).

fo/ﬁ=1or2
L)

0) 0)

Me3Sn /S\ /S\ SnMe; 4+ Br /\ /S\ Br

PdCl(AsPhg)z, THF, 67 °C

ge\o,*éz=1or2
G

(109)

A calix[4]arene-based polythiophene was also prepared by the Stille coupling
reaction (256).

Poly(p-pyridyl vinylene)s with random (equation 110) and with head-to-
head (equation 111) couplings of the pyridyl units were synthesized by the Stille
reaction (205). Soluble poly(1,4-phenyleneethynylene)s were prepared by the
Pd(0) catalyzed cross-coupling of bis(tributylstannyl)acetylene with 2,5-dialkoxy-
1,4-dibromobenzenes. (equation 112) (208)
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Br.
. _~_SnBu; __Pd(PPhg)s
@ BusSn LiCl, NMP \
N~ Br n

115°C

Random
> 95 % yield
My = 7300
(110)

Bugsm™ -SMBUs
/ b Br ;d(»ppha)m LiCl [ /_>_//_©—\\_}_
Br q NMP, 115°C | \- .

Head-to-Head

> 95 % yield
M, = 8300
(111)
OR OR
Pd
Br Br + BugSn-C=C-SnBuz —mMm C=C
OR OR n
(112)

Synthesis of Dendritic Polymers by Pd(0) Catalysis.

Dendritic macromolecules constitute a new class of polymers which possess a
branching point in each repeat unit. For a recent general review see reference 257.
Suzuki (258-260) and the cross-coupling of aryl halides with phenylacetylene (261-
262) were applied to the synthesis of dendritic polymers. Several reviews are
available (257-262).

Conclusions.

Ni(0) and Pd(0) catalyzed carbon-carbon bond forming reactions have unique
characteristics that have enabled advances in the synthesis of aromatic and
heteroaromatic polymers with well defined microstructures. Several recent reviews
discuss the structure properties dependence in this class of polymers (263-265).
The advantages of using these catalysts are primarily the following: (a) facile
formation of carbon-carbon bonds under mild conditions in the presence of many
different functionalities and (b) high regio- and chemo-selectivities leading to well
defined structures. The major problem with these polymerizations is the control of
the molecular weight and chain ends. Most frequently only low molecular weight
polymers are obtained. The source of the low molecular weight is sometimes
determined by the inherent insolubility of the polymer that is not related to the
efficiency of the catalytic reaction. However, low molecular weights are obtained
in many cases because of side reactions which terminate polymer chain growth
prematurely. These side reactions can be classified as (a) reduction of monomer
(either the organic electrophile or organometallic cross-coupling partner) or (b)
coupling of monomer with a nonreactive chain end (examples: phenyl transfer from
triphenylphosphine, phosphonium salt formation, etc.). A detailed elucidation of
these reaction mechanisms and the development of new more stable and selective
catalytic systems is required to overcome these problems.
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Chapter 2

From ArylX to ArylH Activation
in Metal-Catalyzed Polymerization Reactions

W. Heitz
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Metal catalyzed polymerizations are chain reactions necessitating
a constant valence of the metal. In contrast to that metal catalyzed
polycondensations are step growth reactions involving a change of
the valence of the metal. Tuning of the reaction by structural
variations of the metal catalyst are demonstrated with the Pd-
catalyzed vinyl polymerization of norbomene, the alternating
copolymerization of ethylene with carbon monoxide and the Heck
reaction as examples. One and two electron processes can be
involved in metal catalyzed polycondensations. The Heck
reactions, the Ni-catalyzed synthesis of polyphenylenes, and Ru-
catalyzed ArH-insertion reactions are discussed.

Metal catalyzed reactions are of indispensable importance in the value adding chain
of chemical technology. In the area of macromolecular chemistry metal catalyzed
polymerizations are of basic importance to produce commodity polymers. The
elaboration of metalocene catalysts is causing a strong push in the development (I).
Metal catalysis is also of importance in the synthesis of monomers and in
polycondensation as well as in polyaddition.
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Metal-catalyzed Polymerizations
Chain reaction with constant valence of the metal

Metal-catalyzed Polycondensations
Step growth reaction with change of valence of the metal

2y

1-Electron processes Cu

“_/

2-Electron processes Pd° palt
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Metal catalyzed polymerization reactions are chain reactions and necessitate to keep
the valence of the metal constant. According to this definition redox polymerizations
are not included as metal catalyzed polymerizations; the metal is not participating in
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the chain growth reaction. Polycondensations and polyadditions feasible by metal
catalysis are chain reactions involving a change of the valence of the metal.

These reactions are predominantly two electron processes Pd(0) = Pd(II), Rh(I)
== Rh(II), Ru(0) == Ru(ll). One electron processes are prevailing in oxidation
reactions (Cu(l) == Cu(ll).

Polycondensation By Two Electron Processes
Metal catalyzed polycondensations are investigated with special intensity using

palladium as example. With palladium the necessary differences of catalyst structure
can be demonstrated very well between polymerization and polycondensation.

Heck reaction  Br —O—Br +>—< Pd(O {G_/}’

. Pd(I
alternating >=< rco 2O | Lew—on-c+ @
copolymers L I
0 ly
vinyl polymers @ T(m 3
n

Derivatives of polyphenylene vinylene are formed in the Pd-catalyzed reaction of
ethylene with substituted dihalogeno arenes. This requires a change of the valence of
the metal. In contrast to this the alternating copolymerization of olefins with carbon
monoxide and the vinylic polymerization of norbornene is successful only if the two
valent state of Pd is maintained. The mechanism of the Heck reaction (/) (equation
4) shows the limiting requirements to tune the reaction in one or the other way.

Br+ L—Pd°—L O—PdH—Br
S &
wL | HBr = @

Ir
ll' c—Pd“
+ H—PdH—Br - O—
O] &
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The halogen compound reacts with the Pd(O) species by oxidative addition to form
a Pd(II) complex. After insertion of the olefin in the aryl-Pd-bond the target
molecule is formed by B-H-elimination. At this stage palladium is still in the two
valent state. Separation of HBr in presence of the base leads back to the Pd(O)
complex. The application of the Pd chemistry in polymerization reactions requires
that the B-H-elimination can be neglected.

2+
Pol

@ [Pd(CHyCN),] [BE,], ALy

polynorbornene

BF,

2

3

amorphous
transparent
T, >300°C

n

The P-H-elimination is impeded in the norbornene polymerization by the
reformation of a highly strained ring system. The catalysts required for this reaction
have a non-coordinating anion and weak nitril ligands as a characteristic. Such a
palladium complex was described 1981 by Senn (3). The modification of this
catalyst by Risse et al. resulted in a homogeneous reaction in the polymerization of
norbornene (4). Vinyl polymerized norbornene is an example of conformationally
restricted polymers having typically very high transition temperatures.

C  —~PAp 2
(CH)3|
Ar ) Pd—N= C—R BF4.
N 2

R
»==(+co TCHrCHfﬁ-L

Pd-cation, non-coordinating anion
at least 2 ligand sites with weak ligands

Pd-complexes described for the alternating copolymerization of olefins with carbon
monoxide shows similar characteristics: non- or low coordinating anions as well as
two ligand sites occupied by nitril. The -H-elimination is a relatively fast reaction
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but compared to the insertion of carbon monoxide it is slow. This reduces the f-H-
elimination and high molecular weights can be obtained.

The Heck reaction opens the possibility to obtain substituted styrenes and stilbenes
in a one step reaction.

Pd-catalyzed reactions tolerate a great variety of functional groups (5). Vinyl
benzamide or vinyl anilin are examples obtained in good yields and at
polymerization-grade purity. By substitution of ethylene with acrylic acid
derivatives products with cinamic acid structures are obtained (6).

The warranted structure of a polymer obtained by the Heck reaction can be
investigated by model reactions (7).

In the reaction of bromo benzene with ethylene trans-stilbene is formed as the target
product. The formation of cis stilbene is not found within the detection limit of gas
chromatography. The limitation of the molecular weight in the polyreaction is
mainly caused by the dehalogenation of bromo benzene. By optimization of the
reaction conditions (low reaction temperature, low catalyst concentration) the
dehalogenation is pushed back below the detection limits of gas chromatography.
The main defect structures in the polymer are caused by 1,1-disubstitution. This
deficiency in the regioselectivity of the reaction can not be suppressed even by
optimal reaction conditions. Therefore polyphenylene vinylene obtained by the
Heck reaction has statistically a fold in the macromolecule after 30 - 100 monomer

product

\ ==
cis<0,1 %

/H/V @ dehalogenation

1%— 0

15% —1-3%

units. Metal catalyzed reactions can be tuned by the metal ligand or the educt
besides the usual change of reaction conditions.

In Step-Growth Polymers for High-Performance Materials, Hedrick, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Downloaded by NORTH CAROLINA STATE UNIV on October 14, 2012 | http://pubs.acs.org

Publication Date: May 5, 1996 | doi: 10.1021/bk-1996-0624.ch002

2. HEITZ  ArylH Activation in Metal-Catalyzed Polymerizations 61

Orxe O it O

+
X= J Br c OTtif.
(1.2/1.1) (94/6) (95/5) (94/6) (58/42)
(99/1)
._Pd Pd
wxfoee O 2
=(,20° = ,50°C
¥=(,20°C 1
X=0Ac (98/2)
OH \
O o (D
\OH Br Ag,0, r.temp

no cis
no 1,1-disubstitution

Aromatic iodo, bromo, fluoro and triflic compounds can be used for educt tuning in
the Heck reaction. Using iodo arenes the reaction runs without problems and the use
of phosphine ligands can be avoided. With bromo arenes the use of phosphine
ligands is obligatory. Phosphines are oxidized in presence of catalyst metals to
phosphine oxides very easily. This can happen by small contaminations with oxygen
in the reaction mixture. In preparative scale work a higher amount of phosphine can
be of advantage. With chloro arenes higher reaction temperatures are necessary (8).
No quantitative conversions are obtained with chloro arenes. All the halogeno
arenes result in similar regioselectivities. The higher tempertures in the sequence
J<Br<Cl necessary to obtain oxidative addition may be counterproductive to the
expected increase in regioselectivity. The highest regioselectivity was obtained with
iodo arenes and Ag2CO3 as the base at 50 °C. Another approach is to lower the
temperature of oxidative addition by use of diazonium salts. The reaction with
ethylene results in high yields of styrene at room temperature but significant
formation of stilbene is only observed at 50 °C. Aryl triflates result in a lower regio
selectivity. Much higher proportions of 1,1-disubstitution products are formed (9).
By reaction of phenyl boronic acid with trans-dichloro ethylene trans-stilbene is
selectively obtained. This reaction shows no cis-addition and no 1,1-disubstitution.
The limiting step with respect to molecular weight is the deboronation which is in
the range of 0,1 %. The reaction temperature is reduced to room temperature using
Ag20 as the base (10). Substituted dibromo ethylenes can be reacted as well with
aryl boronic acids. In this way polyphenylenevinylenes substituted at the double
bond are accessable.
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Br
Br H
Pd |PhB(OH);

Br
+ (HORB—_)-BOH); P4
H

Substituted polyphenylene vinylenes can be obtained by the Heck reaction (Table I).

Br H n

Table L. Pd-catalyzed synthesis of poly(phenylene vinylene)s
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polymer M,  therm. properties solubility
T, melt
—_ )~ CH=CH~- - - — —
CH=CH- 12000 180 aniso. NMP, 180 °C
CH;3
CH=CH- 3500 120 aniso. NMP, 180 °C
CF;
CH,;
CH=CH-—- 2600 — — NMP, 180 °C
CH,3
CH=CH— 8000 145  aniso. = CHCl;, room temp.
CgHs
CH,

CH=CH— 11000 130  aniso. = CHCl;, room temp.

H,3
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Unsubstituted dibromo benzene and centro symmetrically substituted 2,5-dimethyl-
1,4-dibromo benzene result in materials with low molecular weight due to solubility
problems. Amorphous substituted polyphenylene vinylenes show an anisotropic
melt above the glass transition temperature. At about 200 °C this melt solidifies
loosing the anisotropy. Insoluble products are formed in an irreversible reaction
an.

The optical properties of polymer conjugated hydrocarbons are of increasing
importance due to the possibility to induce an electrically stimulated luminescence.
Because the fluorescence is depended from the conjugation chain length the
information of absorption dependence from the chain length is necessary.

10 11 12 13 14 15 16 17 ‘4l!!>. 4‘!!i>

o
>
]

o

250 ) -
X = Br, vinyl

300 - ,

350 '

400 -

455 1

retention time/hrs.
500

9 10 11 12 13 14 15 16 17

Figure 1. Oligomer GPC of poly(phenylphenylene vinylene) with chain length
dependent UV/VIS spectra

This information is obtained from a single sample by high resolution oligomer GPC
coupled with a diode array detector. As shown in figure 1 the absorption maximum
of phenyl substituted polyphenylene vinylene is approached at a polymerization
degree 7-8.

Electroluminescence is observed with very different polymer systems. Poly-
phenylenes, Polyphenylene ethinylenes or polyhetero cycles can be used besides
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polyphenylenevinylenes. The application of blends results in an increase of the
relative quantum efficiency by a factor of 100 (12 ).

The synthesis of polyphenylene ethinylene by a Pd/Cu catalyzed reaction was
described by Marvel et al. (13). The solubility problems of the para structure were
reduced by the synthesis of the meta products. Soluble para connected
polyphenylene ethinylene were synthesized by Schulz and Giesa in 1990 (14).
Trimethylsilylacetylene have been used to avoid the preparative problems of
stoichiometric use of acetylene.

OR OR
| | |

Br Br + 2 C=C—Si— Pd/Cu —ISi—c-cﬁCEc—ISi—

R RO
OR’

OR Brg—Br OR’ OR

—H-C=C c=Cc-H—RO C=C C=C

Pd/Cu
R RO RO n

Using the same synthetic approach a wide variety of structures in this class of
polymers were obtained. The soluble polymers were mainly investigated with
respect to their NLO properties (15). The exponent of 1,92 obtained in the viscosity
molecular weight relationship confirms the rod like structure of these polymers.

The model reaction between bromo benzene and phenylacetylene gives information
about the chain limiting reactions and defect structures in the polymer (16). The
dehalogenation can be neglected in contrast to the Heck reaction. Diin and enin
formation as well as trimerization are demonstrated in the model reaction. The
trimerization and the formation of enin can be suppressed quantitatively. The
formation of diin occurs in the range < 0,5 %. It is not clear if the diin is formed
during the reaction or on working up.

Opreme =) 20 Oy-one )
byproducts O not detected

<1%

<0,5%
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CH3 lCHs Pd/Cu (|:H3 CH3 lCH3
I I+HC=C- (-0H 2% Ho- ¢ c-c—G—Q—@c—g:- OH
H3C CH3 CH3 H3C CH3

Br Br
CH,
Pd/Cul, PAr O=C c=C
NaOH / H,0 H,C
n

The educt of acetylene with acetone allows a simple synthesis of polyphenylene
ethinylene (/7). The absorption of these polymers is in the same range as
polyphenylene vinylene. This absorption is reached at a polymerization degree 7 - 8
also in this case. Oligomers can be used as active components in LED films. The
flexibility of catalytic reactions makes a wide variety of derivatives available.

Unsubstituted oligo- and polyphenylenes show the same problem as with the earlier
described classes of polymers with stiff chain structure: they are insoluble and non-
meltable. Even with methyl substitution the solubility can be drastically improved
and the melting points are decreased. Oligo- and polyphenylenes form anisotropic
melts (18).

The Ullmann reaction (19) and the metal mediated oxidative polymerization (20)
were used for the synthesis. These methods are replaced by metal catalyzed
reactions nowadays. Schliiter and Wegner (21) used in 1989 the coupling of boronic
acids described by Susuki (22) to synthesize soluble polyphenylenes. The Pd
catalyzed reaction tolerates a large number of functional groups. The diaryl
coupling of Kumada can be used as well to synthesize polyphenylenes (29,30).

R

Br—O—Br + (HO)ZB‘C§'B(OH)2 M-

R

R

Br‘j&l;(om2 PO,

R
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_ ve _
Br Br —/——7+—
'Q' NiCl,(PPhy); \

R R
catalysis cycle

Ni(DX + Arx Oxidative additiop  ArNi(IIDX,
Ar’

. . 1 !
ANI(IDX, + ArNi(DX 2 Xhage v mx, + Ar-NiQIX

Ar
Ar-Ni(nx Ieductive elimination, Ar— Ar+ Ni(DX

Ni(IT) compounds are used usually in this Ni catalyzed reaction. Kochi disproved
already in 1979 (25) the obvious assumption that the catalytic cycle is dominated by
a change of Ni(0)/Ni(II). The shortened reaction scheme shows that the oxidative
addition involves Ni(I)/Ni(III). In the reductive elimination the product fragments
are involved. The halogen is eliminated from the reaction cycle as a Ni(II)
compound. Methyl substituted polyphenylenes can be obtained according to this
reaction scheme. The GPC of the THF soluble part is shown in figure 2. In this GPC
the peaks of bi-, quarter-, sexi- and octiphenylene derivatives are included.

—

n

Srsssssaewme-||

Figure 2. GPC of the THF soluble fraction of poly(12,23-dimethylbiphenyl) and
of model oligomers

Oligophenylenes containing up to 30 p-linked benzene units are visible in the
chromatogram.

Br Br Bog-.Mg

Ni
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Methyl substituted polyphenylene has a limited thermal stability. The phenyl
substituted polyphenylene is soluble in chloroform, anisol and toluene (26). DSC
shows a step at 180 °C. The melting point of 280 °C is observable only during the
first heating. The material solidifies to an anisotropic glass from anisotropic melt.

INTENSITY

| [ ] ] ] ]
6102  563.8 5174 4710 4246 378.2

h ,
copolymer 1:1 copolymer 1:1

Figure 3. Fluorescence spectra of polyphenylene derivatives

By variation of the pattern of substitution the site of the fluorescence maximum of
polyphenylenes can be influenced (27). Specially by use of copolymers the width of
the range of emission can be changed (Fig. 3).

In the Heck reaction the educt participates in the oxidative addition. The reductive
elimination occurs without the target molecule. In the Ni catalyzed polyphenylene
synthesis the target molecule participates also in the reductive elimination and
halogen is removed in another reaction step. Fundamentally different classes of
products can be expected if oxidative addition and reductive elimination involves
fragments of the product and no halogen participate in the reaction. This can be
expected with ArH activated reactions. The regioselectivity of activation of

P

~7 > R +7 Ny R H)(CO)(PPh3)3 (:(/\
| / v
R;

/ 2Ny Y = Si(OEf)s, H, CH,SiMes,
R, tert.-Butyl

R2 H
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hydrogen must be guaranteed by the structure of the aromatic units. The selective
activation of hydrogen in o-position to carbonyl respectively azomethin groups is
known for many years in stoichiometric reactions (28). By ruthenium complexes a
catalytic reaction is possible (29).

Murai describes this reaction with acetophenone as an example. The insertion of the
olefin in the o-ArH-bond is observed with high yields. In this reaction the change
Ru(O)/Ru(lI) is involved. The regioselectivity of the reaction is dependent from the
olefin. With a-olefins a migration of the double bond is observed (Table II).

Table IL Model reaction in Ru catalyzed addition of acetophenone

(

Olefin Product
0] 0
1 t3
Si(OEt),
0] 0
|
/\© O 84 O 16

@ O)g 100 % exo
O
Z > CeHy, @fk + Isomers
of Octen

CgHy;

Vinylsilylcomponents react with a high regioselectivity. Both ortho positions are
accessible to the reaction. There is a strong difference in the reactivity between
mono- and disubstitution.
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H3C\ /O 3C\ O
/ N/ /
+ A0S o
Ar R [AR] Ar

At longer reaction times oligomers were formed in this reaction using divinyl
compounds (figure 4)

(ArR)2Ar

ArRAr

(ArR)qAri \

——

(ArR)3
(A, (RAD2 V/ml

Figure 4. GPC of the product obtained by Ru-catalyzed reaction of acetophe-
none with 1.3-divinyl-1.1.3.3-tetramethyldisiloxan

Another approach is to distribute the reactive sites in two different aromatic units
(30) or to use diacetyl compounds

+/\s
7\ /\
o)
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Chapter 3

Palladium-Catalyzed Carbonylation
Polymerizations

Robert J. Perry

Imaging Research and Advanced Development, Eastman Kodak Company,
Rochester, NY 14650—1705

A variety of polymeric systems can be made from the Pd-catalyzed
carbonylation and coupling reactions of aromatic iodides and amines or
phenols. The relatively mild reaction conditions are tolerant of numerous
functional groups and allow for the production of high molecular weight
aramids, poly(imide-amides) and polybenzoxazoles. Polyimides and
polyesters are also formed, although not as efficiently. Certain chloro-
aromatics will also undergo efficient polymerization reactions when
accelerated by iodide ion. Aromatic triflates can also be used in a manner
similar to the aromatic halides to give aramids, polyesters and poly(imide-
amides). This metal-mediated method offers an alternate, and comple-
mentary, route to polymers that may be made through conventional means.

A large number of high-performance polymer systems are formed by the
condensation reactions of diamines, or diols with aromatic diacids, or their
derivatives. These include commercially successful products such as aramids,
polyimides, poly(imide-amides), and polyesters. While some of the monomers
used in the production of these polymers are readily available and made in large
quantities, it is becoming more common to use smaller quantities of speciality
monomers to tailor the properties of the resultant polymers to suit a specific
application. To address this need, chemistries using unconventional monomers
are being explored to offer alternative routes to a variety of polymeric systems.

In 1974, Heck reported on the formation of amides and esters via the palladium-
mediated carbonylation and coupling reactions of aromatic halides and amines,
or alcohols (). The mechanism of the reaction, as outlined in SchemeI for
amide formation, involves a coordinatively unsaturated Pd(0) species
oxidatively adding to the aromatic halide producing a Pd(II) complex, 1.
Carbon monoxide then inserts in the aryl-palladium bond giving aroyl complex
2. This is followed by attack of the amine leading to the regeneration of the
active Pd(0) catalyst and liberation of the free amide 3 (,2). (An alternate

0097—6156/96/0624—0071312.00/0
© 1996 American Chemical Society
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possibility involves nucleophilic attack of the amine on a coordinated CO bound
to the arylpalladium complex 1 to give an arylcarbamoylpalladium intermediate.
This route has been established as a pathway when secondary aliphatic amines
are used (3).) In this scheme L represents unspecified ligands, usually
phosphines, amines or CO.

o @L;*@

X =Br,| base HX
base
Pd(O)Ln L HX

w0

' o

\—x co dl_x

L D —— \L

1 2
Scheme I

In the last several years a variety of polymeric systems have been prepared
using variations on this chemistry. Herein are described several approaches to
high-performance polymer systems using palladium-catalyzed polymerization
reactions.

Aramids

Aromatic polyamides (aramids) were the first class of polymers synthesized by
palladium-catalyzed carbonylation and condensation reactions. It was first
shown that aromatic diamines and aryldibromides would react under 1 atm
carbon monoxide (CO) in the presence of a tertiary amine base, a palladium
catalyst and phosphine ligands in a dipolar aprotic solvent to form aramids of
modest molecular weight (equation 1, X = Br) (4).

X X o [o]
O OO - Py OOt

X=8r1
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At the time this work was published, we were engaged in exploratory
research aimed at using iodinated aromatic compounds as monomers for high-
performance polymers. Several reports had disclosed the preparation of a
variety of regiospecifically bisiodinated aromatic systems (5). Model studies
conducted in our laboratories between iodobenzene, aniline and CO indicated
that, under appropriate conditions, amide formation was fast, clean, and
quantitative (6).
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We found that if aromatic diiodides were used, rather than bromides, and
elevated CO pressures were employed, aramids of much higher molecular
weight were obtained in much shorter reaction times (Figure 1) (7). The
difference in rate of molecular weight build-up and the sensitivity difference to
CO pressure between the diiodo and dibromobenzene is due to a change in the
rate-determining step. It is well documented that zero-valent palladium
compounds undergo oxidative addition to aryl iodides faster than the
corresponding aryl bromides (8). It is also known that for the esterification of
aryl bromides with CO, palladium and an alcohol, oxidative addition is the rate-
limiting step (9). Higher CO pressures have been shown to promote a greater
degree of CO coordination to Pd(0) (I10) rendering the palladium less
nucleophilic and thus slowing the oxidative addition reaction (/). In the
dibromoaromatic polymerization, the rate-determining step is the oxidative
addition of palladium, and increasing the CO pressure suppresses this reaction.
In the diiodo case, the rate-determining step is CO insertion. Increasing the CO
pressure increases the rate of reaction and the rate of molecular weight gain.
This behavior mimics that seen in model compound studies. That is, higher CO
pressures accelerate the overall amidation rate for iodoaromatics and suppresses
amidation of the bromo analogs (7).

Use of diiodinated aromatics allowed the formation of a variety of aramids
(Table I). The optimum stoichiometry for achieving maximum molecular
weight in the reaction of m-dihalobenzene and 4,4'-diaminodiphenylether was to
use a slight excess of the diamine. Model studies indicated that this decreased
the likelihood of reduction of the aryl-halide bond that would effectively
terminate the polymer chain (6). The other aramid reactions were not optimized
but used conditions found optimal for equation 1 (X =1).

Poly(imide-amides)(PIAs)

The same technology used for aramid synthesis was applied towards PIAs
(equation 2). In all these cases, the imide moiety was preformed. This
eliminated any postreaction curing commonly seen in commercial PIAs
prepared by the condensation of trimellitic acid chloride anhydride and diamines
(12). High molecular weight PIAs were formed by the carbonylation and
condensation of diamines and aryldiiodides, containing one or two preformed
imide moieties. This provided the option of having a variable ratio of imide to
amide groups, which might influence mechanical properties such as modulus
and elongation. Table II indicates that this methodology was successful for
homopolymers, although copolymers were also made (13).

[o]
)@i@@ o ﬁL@ié-@%}m

In Step-Growth Polymers for High-Performance Materials, Hedrick, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.

73



STEP-GROWTH POLYMERS FOR HIGH-PERFORMANCE MATERIALS

74

£H

00Z 8 00L 0€ 1L6 QOO W@wﬂ;
001 LT 008 ¥ ul6 v—~(O)—o~O)—ww —O—0Or~
00T L1 00S 9T 396 w—~O)—o~AO)—rw T@l
00€ 2T 005 €€ 356 v \8\
001 61 008 0€ 256 s—O)—o—O)—w T@Ym @)
00S b 000 98 s6 OO OO
p000 00T 000 202 s6 O~ JoN
MW I q(%)onvy  sawouop upurq aauouopy opoyd

eSINJRUIOIEOPONI(J WIOLJ SPIuIelY ‘[ d[qe],

€00U0'7290-966T-0/TZ0T 0T :10p | 966T 'S A2 :9%q U0 jand
Bio'sdesgndy/:dny | 210z ‘¥T #0010 U0 ISHIHINY SLIISNHOVSSYIN AINN Aq papeojumog

In Step-Growth Polymers for High-Performance Materials, Hedrick, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



75

ons

.

Palladium-Catalyzed Carbonylation Poly,

PERRY

3.

‘e/, *Jox woyy uorssruirad yam paonporday Q0L ST
= U\ AInba VININdyY "00€ St = MIN AIba VINING[ “1owA[od jo uonendioaxd si3urs ‘siyStom
repnosjowt AMbd VNN 'TOTT AINbd  yim JIAN Ul UnI uonoeayy ‘JIAIN Ul UNI UONOBIYg
"UONIOBAI 0) Pappe [JI] Amby ¢; "uONoeaI 03 pappe [JI'T Amby 7, "s1yS1om remnosjowr Amba
VINIdp "S1YS1om Ie[nogjow 21n[0sqy, “SUMWEIP 9%((0] O3 dAnE[aI pasn punodwoo oporp
JO JUNOWR SLIQWOIYSIONS Y} JO %q HOSW woij xz paendoardar ‘g 9-p ‘ULydd)TIOPd
%9 ‘NgA Amba 'z ‘0D 81sd 06 DoSTT ‘(W 9T°0-81°0) OVINQ ‘SUOHIPUOD UOTIOEIYe

00T b1 (008 €2 - OO

0001C 009 L€ 56 SO \8\
00L 1€ 001 ¥S oL6 z© A .|©|H

009 9€ 00 88 1L6 5@ O \8\

00L 92 00€ 89 1L6 z© A

£00Y0 7290-966T-4/T20T 0T :10p | 966T ‘S AN 8@ UoedI|aNd
Buo'sde'sand//:dny | 2T0Z ‘YT 2200100 U0 ISHIHINY SLIISNHOVSSVIN AINN AQ papeojumoq

In Step-Growth Polymers for High-Performance Materials, Hedrick, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



STEP-GROWTH POLYMERS FOR HIGH-PERFORMANCE MATERIALS

76

000 ¥ 000098

00Z 1L 3000 LvI

000 Sy 2000 151

000 65 00O £ST

00v Oy 9000 L6 T@uw.',uﬂ@\

[o]

W U autumiq apruropond

esopiutfeyydifieopos(q wodj (saprue-aprunijod °II AqeL

£00Y0 7290-966T-A/T20T 0T :10p | 966T ‘S AN 8@ UoedI|aNd
Bio'sde'sand//:dny | 2102 ‘¥T 2200100 U0 ISHIHINY SLIISNHOVSSVIN AINN AQ papeojumoq

In Step-Growth Polymers for High-Performance Materials, Hedrick, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



77

Palladium-Catalyzed Carbonylation Polymerizations

PERRY

3.

"PaOsn SEM JUIWIEBIP SSIOXY %[OW [g “PISN Sem QUIUIRIP SSAOXY 9[OW €5 'Pasn

9I0M SPOIPOLIP PUB SUILIBIP JO SIUNOWE Ie[OW AINb, “Pasn sem SPIPONP SSIOXH %[O0W ¢'{p
“Pasn SEM QUIUIRIP SSOOXH %[OW G5 “S1YSom Ienodjow Amba VININdq "4 T “UYdd)OPd
%9-€ ‘N9 AMb3 17 ‘0D 315d §6 ‘0,001 ‘(N 9Z'0-81°0) OVINQ :SUOHIPUOD UONIEIYe

006 6v 8000 1CI

00L 8y 9000 STI

00€ 7L <000 €91

009 €7 8000 20T en ()oY~ T@uzo@ @of©l

€00U0'7290-966T-0/TZ0T 0T :10p | 966T ‘G A2 :9%Q U0 jand
Bio'sdesgndy/:dny | 210z ‘¥T #0010 U0 ISHIHINY SLIISNHOVSSYIN AINN Ag papeojumog

In Step-Growth Polymers for High-Performance Materials, Hedrick, J., et a .;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Publication Date: May 5, 1996 | doi: 10.1021/bk-1996-0624.ch003

Downloaded by UNIV MASSACHUSETTS AMHERST on October 14, 2012 | http://pubs.acs.org

78

STEP-GROWTH POLYMERS FOR HIGH-PERFORMANCE MATERIALS
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Figure 1. Effect of CO pressure on aromatic polyamide formation
between diiodoaromatics and dibromoaromatics. Reaction in
DMACc (0.33 M), 90°C, 3% PdClgLe, 6% PPh3 and 1.2 equiv DBU.
Obromo, 1 atm; Miodo, 1 atm; A bromo, 20 psig CO; A iodo, 20
psig CO; O bromo, 90 psig CO; @ iodo, 90 psig CO. Reproduced
with permission from ref. 7a.
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During the course of these reactions, we also found that the imide moiety
was activating enough to allow chloro-substituted phthalimides to react in a
manner similar to the diiodo compounds above. Enhanced rates were seen when
iodide ion was present in the reaction mixture (/4). Thus, a variety of PIAs
derived from 4-chlorophthalic anhydride were made, (Table III).

The best yields and highest molecular weight materials were formed when
low CO pressures were employed and iodide was present in the reaction
mixture, either as an added salt or generated in-situ from one of the chloroiodo
monomers. The reaction of iodide with a Pd(0) species was thought to form an
anionic palladium(0) complex, which was more reactive in initial oxidative
addition reactions than the neutral complex (14).

Polyimides

Several approaches were taken to extend the carbonylation chemistry to the
formation of polyimides. Although variously substituted phthalimides could be
easily made (15), preparation of high molecular weight linear polyimides was
more difficult. Reaction of bis(o-diiodoaromatics) with diamines and CO
(equation 3) gave materials with broad polydispersities, branching and residual
iodide, and amide groups (16).

OO e e (10001

Attempts to circumvent these problems by using mixed halo-aromatic
systems and varying CO pressures was not successful (cquation 4).

Br . (PPha)zl co
, R T3 (4)

A different approach to the imide structure incorporated the carbonylation
chemistry with conventional poly(amide-ester) ring-closing procedures. Bis(o-
iodoesters) were allowed to react with diamines and CO in the presence of a Pd
catalyst. The intermediate poly(amide-esters) were unstable under the reaction
conditions and spontaneously cyclized in the presence of base giving the fully
imidized polymer (equation 5). It was found that r-butylesters gave the best
results (Table IV) (17).
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Table IIL Poly(imide-amides) from chloroiodoimides?

Chloroiodoimide Diamine Mnb Mwb
[o]
)@c\ﬁ:@ Q-0 w000 47800
Cr
»—©—< ) 493004 27000
c/(@‘:g N @ @ 2
[o]
90 600c 42100
c,/©<§”‘©* e e WiNg Wil W
[o]
CI/@O H @ o @ @ O @ My
38 600

aReaction conditions: NMP or DMAc (0.18-0.26 M), 100°C, 95 psig then 20 psig CO after
2.6 h, 2.4 equiv DBU, 0.3-1.4% PdCly(PPh3);, 2448 h. bPMMA equiv molecular weights.

1 mol% Excess diamine was used. 41 mol% Excess iodochloro compound was used.

€4 mol% Excess iodochloro compound was used. {6 mol% Excess diamine was used. 8Equiv
molar amounts of reactants were used.
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[ COOR g0
noocj:@: * HN=Ar—NH, PPh /DBU / DMAC
= o %

Poly(benzoxazoles) (PBOs)

Another class of fused-ring heterocyclic polymers produced by the
carbonylation technology were the PBOs. Diiodoaromatics were again used but
in conjunction with bis(o-aminophenols) (equation 6). Earlier work on the
preparation of 2-arylbenoxazoles from amines and o-aminophenols showed that
the intermediate 2-hydroxybenzamide did not spontaneously undergo cycli-
zation to the benzoxazole (I8).

SO0 00~ == (.00 o0} o
= (000300}

The phenol groups in the polymeric system were also sufficiently unreactive
under the reaction conditions to allow isolation of the intermediate poly(amide-
ol) (Table V). These PBO prepolymers were soluble in dipolar aprotic solvents
and could be precipitated, purified, and stored until needed. Thermal
gravimetric analysis (TGA) of these polymers showed a weight loss at
250-290°C, corresponding to the loss of two water molecules per repeat unit
(Figure 2). Simple thermal or chemical cyclization could then be used to
produce the thermally stable PBO (19). Figure 3 shows the same PBO
prepolymers after heating at 325°C for 3 h. The resultant PBO polymers were
stable in nitrogen to 460-540°C.

Polyesters

Much less work has been devoted to optimizing polyester formation. However,
diols also react with aromatic diiodides and CO to form polyesters of modest
molecular weight (equation 7). Longer reaction times are needed for the much
less nucleophilic phenol (compared to the aniline derivatives), which allows
more time for chain-limiting side reactions to occur (20).

HO—R—OH + x—©—x PP/ 0 {ooc—@— oo-a—}
DBU / DMAC @)

X =Br, |
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Table V. Poly(amide-ols)2

Entry  Bis (o-aminophenol) Diiodoaromatic Mnb Mwb

a M SER g O 45 7000 24 4000
pogee =

b “ FaG_ CFs " O 41700 30700
JO L,

c . FiC_ CF3 " w 33900 22700
Begeq oo

d FiC_ CFs 0 42 000 25500
Beoged ~0O-

€ Hd T v 39 100 19 500
S oaea

f

49 400 28 700
@ @ Hy @ . @ 34100 12 500

@3
E

&

;

3Reaction conditions: DMAc (0.16 m), 115°C, 95 psig CO, 2.4 equiv DBU, 0.2%
PdCl2(PPh3)p, 46 h. YPPMMA equiv molecular weights. Reproduced with permission from
ref. 19.

Publication Date: May 5, 1996 | doi: 10.1021/bk-1996-0624.ch003

Triflates

Aromatic bis(trifluoromethanesulfonates) (triflates) have also been used instead
of aromatic dihalides for polymer syntheses. Easily prepared from the
corresponding bisphenols, triflates are known to undergo oxidative addition and
CO insertion reactions (21), and were used in preparing aramids (22), PIAs (23)
and polyesters (24). Reactions were performed in a manner similar to that
reported for the iodo analogs but only modest molecular weights were achieved
(Table VI).
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Figure 2. TGA of PBO prepolymers in nitrogen. Reproduced with
permission from ref. 19.

875 +

B

625 +

50 ' . N . . .
40 120 200 280 360 440 520 600 580 760 840
Temperature (°C)

Figure 3. TGA of PBOs in nitrogen. Reproduced with permission
from ref. 19.
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Table VI. Polymers from Bistriflates?

Dinucleophile Bis(triflate) Mnb Mwb

oTt

O~ m 13100 8500
1O~~~ 0O) 1040 * O-o 15300 8900

12300 8300

o-0+0-0 -
M©‘°‘©‘ -'@‘*@M 1o O~O)-or 10100 7000
QOO @“};@’ @i@ 11300 6900

OO @)—@ 6900 4600

o

) )
™ Ve 7 500 4200
HOoH noon
crs Mo
HO @ + @ OH noon 3 400 2300

aReaction conditions: 95 psig CO, 115°C in DMAc, 2.4 equiv DBU, 3 mol% Pd(OAc), with 6
mol% DPPP (1,3-diphenylphosphinopropane) ligand for amide reactions; 3 mol%
PdCIl2(DPPE) with 3 mol% DPPE (1,2-diphenylphosphinoethane) ligand for PIA and polyester
reactions. PPMMA equiv molecular weights for aramids, absolute molecular weights for PIAs,
and polystyrene equiv molecular weights for polyesters.
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Summary

This brief overview has shown that a variety of polymeric systems can be made
from the Pd-catalyzed carbonylation and coupling of aromatic iodides and
amines or phenols. The relatively mild reaction conditions are tolerant of
numerous functional groups and allow for the production of high molecular
weight aramids, poly(imide-amides) and polybenzoxazoles. Polyimides and
polyesters were also formed, although not as efficiently. Certain
chloroaromatics were also found to undergo efficient polymerization reactions
when accelerated by iodide ion. Finally, aromatic triflates could also be used in
a manner similar to the aromatic halides to give aramids, polyesters, and
poly(imide-amides). Although there are many well-established processes for the
syntheses of these classes of polymers, this metal-mediated method offers an
alternate, and complementary, route to polymers that may otherwise be difficult
to prepare.
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Chapter 4

Synthesis of Polycinnamamide Catalyzed
by Palladium-Graphite

Mitsutoshi Jikei, Masanori Miyauchi, Yuichi Ishida, Masa-aki Kakimoto,
and Yoshio Imai

Department of Organic and Polymeric Materials, Tokyo Institute
of Technology, Meguro-ku, Tokyo 152, Japan

Palladium-graphite (Pd-Gr) is useful heterogeneous catalyst for many
organic reactions and polycondensations. The catalytic activities of Pd-
Gr for the Heck reaction, oxidation, hydrogenation, and nucleophilic

substitution of olefin through m-allyl complex were investigated. The
polycondensation of N,N’-(3,4'-oxydiphenylene)bis(acrylamide) and
bis(4-iodophenyl) ether catalyzed by Pd-Gr proceeded efficiently in the
presence of tributylamine in DMF at 100 ©C to form polycinnamamide.
The polycondensation required longer reaction time compared to the
polycondensation catalyzed by palladium acetate. The structure of the
resulting polymer was confirmed as trans-polycinnamamide. The
resulting polymer was almost white color, which means that it was less
contaminated by palladium metal. The removal and recycling of Pd-Gr
were much easier than the case of homogeneous catalysts.

Recently, polycondensations catalyzed by transition metal compounds deserve much

attention to give a new methodology for polymer synthesis.(I-12) We have also
reported the palladium-catalyzed polycondensations through C-C coupling reaction
and insertion reactions of carbon monoxide.(2,6,7) However, there have been no
reports about the use of heterogeneous catalysts in transition metal catalyzed
polymerizations. The heterogeneous catalysts can give great advantages, such as
removal from the reaction mixture, and recycling of the catalysts.

Metal-graphite combinations are one of the useful heterogeneous catalyst because
of their high reactivity, easy preparation, and manipulation. Umani-Ronchi et al.
have reported that transition metal-graphites prepared from potassium intercalated
graphite are useful as heterogeneous catalysts in many organic reactions.(13) It is
reported that palladium-graphite (Pd-Gr) showed high reactivity for the
hydrogenation of olefins, (14) the Heck reaction, (I5) and the nucleophilic

substitution reactions through n-allyl complex.(16)
This paper describes organic reactions and polycondensation catalyzed by Pd-Gr
used as a heterogeneous catalyst. The catalytic activity of Pd-Gr for organic reactions

0097—6156/96/0624—0088$12.00/0
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especially for the Heck reaction was investigated in comparison with palladium-
coated active carbon (Pd-C). Polycinnamamide 3 was synthesized by the
polycondensation of bisacrylamide ] and diiodide 2 catalyzed by Pd-Gr.

N o Q—o z-&\— + n I—O-O—O—l

= (PO,

Results and Discussion

0:=0
-2

Characterization of Pd-Gr. Palladium-graphite (Pd-Gr) was prepared by
the reaction of potassium intercalated graphite and palladium chloride (II) as
described in the literature.(16) The palladium content by weight in palladium-
graphite (Pd-Gr) catalyst was determined to be 17 %, which is about the half of the
reported value (33 wt%).(14) The low content of palladium may be caused by the
low conversion of the reaction of potassium and graphite to form potassium-
graphite. The XPS spectrum of Pd-Gr showed typical peaks for zero valence
palladium, which is the same as palladium-coated active carbon (Pd-C). It was also
confirmed that any potassium atom could not be detected in Pd-Gr.

As it has been reported that palladium is highly dispersed on the graphite
surface rather than intercalated between the graphite layers in Pd-Gr,(17) there was
no diffraction peak corresponding to the intercalated layer in X-ray diffraction
spectrum of Pd-Gr. The SEM backscattered images of Pd-Gr and Pd-C are shown in
Figure 1. The palladium particles on Pd-Gr which were detected as white spots were

Figure 1 SEM backscattered images of palladium-graphite, a); palladium coated
active carbon, b).
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smaller than those on Pd-C. This difference must affect the catalytic activity for many
reactions.

The Heck Reaction. In the beginning, the Heck reaction of ethyl acrylate
and iodobenzene was examined in the presence of a catalytic amount of Pd-Gr. The
yield of ethyl cinnamate was determined by HPLC measurements and plotted against
the reaction time (Figure 2). Pd-C was also used in order to make a comparison. The
activity of palladium-graphite was much higher than that of Pd-C for the Heck
reaction. Both Pd-Gr and Pd-C were easily removed by filtration after the reaction
because they were insoluble in the reaction mixture.

The effect of solvent and base on the Heck reaction catalyzed by Pd-Gr was
investigated as shown in Table I. Aprotic polar solvents, such as DMF, DMAc,
NMP, and DMSO, were available for this condensation. The reaction proceeded fast
in high dielectric constant solvents such as DMSO. It is noteworthy that DMF
containing 1% (volume) of water gave the high yield (86 %) of ethyl cinnamate.
Small amount of water seems to increase in the polarity of DMF, which accelerates
the reaction. A base was essential for the Heck reaction. Trialkylamines, such as
tripropylamine and tributylamine were highly effective for the reaction. Triethylamine
gave a lower yield of ethyl cinnamate because the reaction temperature at 80 °C was
very close to the boiling point of triethylamine.

Other Organic Reactions. Table II shows the results of oxidation and
hydrogenation in the presence of Pd-Gr, Pd-C and palladium chloride. The yield of
2-decanone by the oxidation of 1-decene catalyzed by Pd-Gr was higher than the
case of Pd-C, though the highest yield was obtained in the case of palladium
chloride. The hydrogenation of nitrobenzene to aniline proceeded quantitatively in the

100 T T T
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Figure 2 Formation of ethyl cinnamate with Pd-Gr (O), with Pd-C(0)
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Table I. Condensation? of Ethyl Acrylate and Iodobenzene Catalyzed by Pd-Gr

solvent base yield (%)°
DMF tributylamine 63
DMAc tributylamine 76
NMP tributylamine 69
DMSO tributylamine 85
DMAc triethylamine 37
DMAc tripropylamine 89

4 Reaction was carried out with 2.4 mmol of ethyl acrylate, 2.0 mmol of

iodobenzene, 2.6 mmol of base, and 0.06 g of Pd-Gr at 80 OC. b Determined by
HPLC measurement without isolation of the product.

Table II. Organic Reactions Catalyzed by Pd-Gr, Pd-C, and Palladium Chloride

catalyst reaction yield (%)3
Pd-Gr o 93
PIC AAN —2e A 70
PdCl2 100

100b

Pd-Gr Ha
Pd-C @‘"°2 —_— @'““2 100¢

3 The yield was calculated by gas chromatography without isolation. P The

consumption of hydrogen was observed for 55 min. € The consumption of
hydrogen was observed for 90 min.

presence of Pd-Gr and Pd-C. However, the hydrogenation catalyzed by Pd-Gr
proceeded faster because the period of the hydrogen consumption was shorter than
that in the case of Pd-C. The higher catalytic activities of Pd-Gr are caused by the
wide dispersion of the palladium metal on the Pd-Gr catalyst .

Polymerization Catalyzed by Pd-Gr. The results of the polycondensation of
bisacrylamide 1 and diiodide 2 catalyzed by Pd-Gr carried out in DMF at 1000C are
shown in Table III. The polycondensation proceeded efficiently in the presence of
tributylamine and without any ligand compounds. Polymer 3 was obtained with an
inherent viscosity of 0.9 dL g-1 after 20 hours of polymerization. Among the bases,
tributylamine was the most effective for this polymerization, while BDMAN afforded
the polymer with the highest molecular weight in the case of previously reported

homogeneous catalysts.(2) The aprotic polar solvents were effective for the
polymerization, similar to the model reaction. The polymerization in DMF and DMAc
gave the polymers with high inherent viscosities. DMSO which afforded the high
yield in the model reaction was not suitable for the polymerization because of the
poor solubility of the resulting polymer in DMSO. Since Pd-Gr is insoluble in the
reaction mixture, it can be easily removed by filtration. In addition, the
polymerization with the recovered Pd-Gr catalyst gave the polycinnamamide with an
inherent viscosity of 0.7 dL g-1.
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Table III. Synthesis of Polycinnamamide Catalyzed by Palladium-Graphited

no. base solvent time (h) yield(%) Ninh(dL gnb
1 tributylamine DMF 4 90 0.25
2 tributylamine DMF 20 95 0.90
3 tributylamine DMF 40 95 0.95
4 triethylamine DMF 20 85 0.30
5 BDMANC DMF 20 96 0.45
6 DBUd DMF 20 0 -
7 CH3COONa DMF 20 0 -
8 Na2CO3 DMF 20 0 -
9 tributylamine DMAc 20 94 0.95
10 tributylamine NMP 20 97 0.68
11 tributylamine DMSO 20 86 0.25

2 Polymerization was carried out with 1.25 mmol of the bisacrylamide and 1.25
mmol of the diiodobenzene, 3.25 mmol of base, and 6.87 x 10-3 mmol/Pd of Pd-Gr
at 100 OC in 20 mL of the solvent. D Measured at a concentration of 0.5 g dL-1 in
DMF at 30 °C. € BDMAN: 1,8-bis(dimethylamino)naphthalene. d DBU: 1,8-
diazabicyclo[5.4.0]-7-undecene.

The weight average molecular weight of the resulting polymer was plotted against
the reaction time (Figure 3). Polymers having a molecular weight about a hundred
thousand were formed after the polymerization for 20 hours. As shown in Figure 4,
the molecular weights of the resulting polymer increased with increasing the feed
amount of Pd-Gr and the high molecular weight polymer was obtained when 2.5
mol% of Pd-Gr was used for the polymerization.

T T T T ) 1 T )

12 1

Mw/Mn

1 1 1 . [l 1 1 1

0 10 20 30 40
Time (h)

Figure 3 Time dependence of Mw (0) and Mw / Mn (O) of
polycinnamamide formed with Pd-Gr.
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Figure 4 Effect of the feed amount of Pd-Gr on the molecular weight of

polycinnamamide. Reaction conditions: 1.25 mmol of monomers and 3.25
mmol of Bu,N in DMF (20 mL) at 100 °C for 8 h.

Table IV. Effect of the Molar Ratio of Diiodide on the Polymerization
Catalyzed by Pd-Gr@

no.  diidodide/ Ninh(dL g)P Mwx 10°9¢ Mnx104¢ Mw/Mn €

bisacrylamide
12 0.99 0.43 0.24 0.11 2.13
2 1.00 0.90 1.13 3.43 3.28
13 1.01 0.90 1.84 4.17 4.41
14 1.05 d d d d

2 Polymerization was carried out with 1.25 mmol of the bisacrylamide, the
prescribed amount of the diiodide, 3.25 mmol of tributylamine, and 6.87x10-3
mmol/Pd of Pd-Gr at 100 °C in DMF. D Inherent viscosity was measured at a
concentration of 0.5 g dL-1 in DMF at 30 °C. € Absolute molecular weight was
determined by GPC with a laser light scattering measurement. The dn/dc at 690 nm

was determined to be 0.268 mL g-1. d Gelation of the reaction mixture was
occured.

The effect of the molar ratio of diiodide/bisacrylamide on the polycondensation
was investigated as shown in Table IV. The polydispersity was evaluated by the
polydispersity index (Mw/Mn) determined by GPC through a laser light scattering
measurement. When the diiodide/bisacrylamide ratio was 0.99, the inherent viscosity
and the molecular weight of the resulting polymer decreased compared with those
prepared by the ratio of 1.00. In the case of the ratio of 1.01, the polydispersity
index increased, while the inherent viscosity and the molecular weight were not
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affected. However, at the ratio of 1.05, the reaction mixture afforded gelation. It is
obvious that the equimolar amount of two monomers is essential for the formation of
the polymer with a high molecular weight, though the olefin is often used in small
molar excess relative to the organic halide in order to achieve exclusive
monosubstitution of olefin in the case of many organic syntheses using the Heck
reaction. These results suggest that the second substitution of the residual vinyl
proton groups by intermediate complex of the aromatic halide and palladium occurred
during the polymerization, which enlarged the polydispersity indices. The second
substitution was accelerated when excess amount of aromatic halide was used for the
polycondensation, which caused to gelation at the ratio of 1.05.
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Figure 5 J-Resolved 1H NMR spectrum of the polycinnamamide
formed with Pd-Gr

The structure of the resulting polymer was determined by IR and NMR spectra
and it was found that the polymer 3 had the identical structure to that of the
previously prepared polycinnamamide using the homogeneous palladium catalysts.
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The J-resolved two dimensional 1H NMR spectrum was measured to determine
coupling constants of protons around the double bond in the main chain. There were
two different pairs of peaks with regard to the double bond as shown in Figure 5.
The coupling constant for the peaks at 6.73 ppm and 7.54 ppm was 15.2 Hz and the
constant for the peaks at 6.69 ppm and 7.57 ppm was 15.6 Hz. The both are typical
coupling constants for olefinic protons connected by trans linkage. The two different
pairs of peaks for olefinic protons was not changed to single peaks by the
measurement at 100 ©C, which denies that the two pairs arise from restriction of
bond rotations. It is suggested that the pairs resulted from the unsymmetrical
structure by the introduction of the meta-linked phenylene ring.

The resulting polymer prepared using Pd-Gr was less colored than the polymer
prepared using the homogencous palladium catalysts. The amount of residual
palladium in the polymer prepared by Pd-Gr was determined to be ca. S0 ppm by the
ICP plasma emission spectroscopy. However, the residual palladium of ca. 500 ppm
was detected in the polymer prepared by palladium acetate. The fact that the amount
of palladium in the polymer prepared by Pd-Gr was 10 times less than that in the
polymer prepared by palladium acetate may affect the color of the polymer.

Polymerization Catalyzed by Various Palladium Compounds. Table V
contains the results of the polycondensation catalyzed by Pd-C and palladium acetate.
Pd-C showed less reactivity for the polymerization than the Pd-Gr, as similar to the
model reaction. It is reported that ligand compounds such as tritolylphosphine

accelerate the Heck reaction.(18) In the case of Pd-Gr, tritolylphosphine was not so
effective on the inherent viscosity of the polymer. However, the polymerization
using Pd-Gr required longer reaction time than the polymerization catalyzed by
palladium acetate. The high molecular weight polymer was obtained within 5 h
reaction time in the latter case.

Table VI shows the GPC results of the polymerization catalyzed by Pd-Gr and
palladium acetate. When Pd-Gr was used as a catalyst, the polydispersity indices
were lower than those of the polymer prepared by using palladium acetate. The
control experiments using an equimolar amount of ethyl acrylate and iodobenzene
with Pd-Gr or palladium acetate were carried out in the same condition as the
polycondensation. In the case of Pd-Gr, the amount of the product by the second

substitution was about three times less than the case of palladium acetate.(19) This
faé:t supports the lower polydispersity indices for the polycondensation catalyzed by
Pd-Gr.

Table V. Synthesis of Polycinnamamide with Various Palladium Catalysts?

no. catalyst ligand time(h) yield(%) Ninh(dL g 1P
1 Pd-Gr - 4 90 0.25
2 Pd-Gr - 20 95 0.90

15 Pd-Gr PTol3¢ 20 9% 0.81

16 Pd-C - 20 9 0.69

17 Pd(OAc)2 PTol3¢ 4 95 1.11

4 Polymerization was carried out with 1.25 mmol of the bisacrylamide and 1.25
mmol of the dijodobenzene, 3.25 mmol of tributylamine, and 6.87 x 10-3 mmol of
Pd (No. 1, 2, 12) or 1.25x10-2 mmol of Pd (No. 13, 14) at 100 °C in DMF.
Measured at a concentration of 0.5 g dL-1 in DMF at 30 ©C. € PTol3;
tritolylphosphine (5.0x10-2 mmol).
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Table VI. Polydispersity Indices? of the Polymers Prepared

by Using Palladium Catalysts
no.  catalyst Ninn(dL g)®  Mwx 105  Mnx 104 Mw/Mn
2 Pd-Gr 0.90 1.13 343 3.28
18 Pd-Gr 1.19 2.89 7.51 3.85
17 Pd(OAc)2 1.11 2.20 5.10 4.32
19  Pd(OAc) . 1.12 2.87 391

8 Absolute molecular weight was determined by GPC with a laser light scattering
measurement. The dn/dc at 690 nm was determined to be 0.268 mL g-1.
b Measured at a concentration of 0.5 g dL-1 in DMF at 30 ©C.

Conclusion

Pd-Gr can be used for many organic reactions as a heterogeneous catalyst altemnative
to Pd-C. The catalytic activity of Pd-Gr was higher than that of Pd-C from the
present investigations because of the wide dispersion of palladium atom on the Pd-
Gr catalyst. Especially, polycinnamamide was successfully prepared through the
Heck reaction in the presence of the heterogeneous Pd-Gr catalyst. Although the
polymerization reaction was slower compared with that of the homogeneous
palladium catalysts, Pd-Gr possesses some benefits as follows: 1) The Pd-Gr
catalyst could be easily separated from the reaction mixture. This fact caused lower
content of the palladium atom in the resulting polymer, and gave a less colored
polymer. 2) The polycondensation selectively proceeded to afford the narrower
molecular weight distribution since the second substitution of vinyl proton occurred
less than the case of the homogeneous palladium catalyst.

Experimental Part

Materials. Palladium-graphite (Pd-Gr) was prepared by the reaction of
potassium intercalated graphite and palladium chloride (II) as described in the

literature.(16) The content of palladium in Pd-Gr was determined to be 17 wt% by
ICP plasma emission spectroscopy. N, N'-(3,4'-Oxydiphenylene)bis(acrylamide) 1.
was prepared by the condensation of 3,4'-oxydianiline and acrylic acid chloride. The
yield was 56 % and the structure was confirmed as described in the literature.(2)
Bis(4-iodophenyl) ether 2 was prepared by the reaction of diphenyl ether, iodine,
and bis[(bistrifluoroacetoxy)iodobenzene in carbon tetrachloride at room
temperature. The precipitate was filtered, washed with methanol, and purified by
recrystallization from n-hexane. The yield was 59 % and the structure was confirmed
as described in the literature.[Yoneyama, 1989 #8] Ethyl acrylate, iodobenzene,
trialkylamines, 1-decene, nitrobenzene, and all solvents used for the reaction were
purified by distillation. Other materials were used as received.

The Heck Reaction. In a three-necked flask, 0.24 g (2.4 mmol) of ethyl
acrylate, 0.41 g (2.0 mmol) of iodobenzene, 0.48 g (2.6 mmol) of tributylamine as a
base, and 0.06 g (9.6 x 10-5 mol) of Pd-Gr (4.8 mol % of Pd with respect to
iodobenzene) were added under nitrogen atmosphere. Biphenyl (40 mg) was also
added to the mixture as an internal standard for HPLC measurements. The mixture
was stirred and heated to 80 OC. The yield of ethyl cinnamate formed was
determined by HPLC measurements without isolation of the product.
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Oxidation of 1-Decene. In athree-necked flask, 0.137 g (0.5 mmol/Pd) of Pd-
Gr, 0.495 g (5 mmol) of CuCl, 3.5 mL of DMF, and 0.5 mL of H20 were added
under oxygen atmosphere. After the mixture was stirred at room temperature for 1
hour, 1-decene was added to the mixture and stirred for 20 hours. The yield of 2-
decanone formed was determined by GC measurements without isolation.

Hydrogenation of Nitrobenzene. In a three-necked flask, 0.21 mL (2
mmol) of nitrobenzene, 5 mL of methanol, and 7.1 mg (0.02 mmol/Pd) of Pd-Gr
were added under hydrogen atmosphere. The mixture was stirred at room
temperature and the hydrogen consumption was monitored by using a gas buret. The
yield of aniline formed was determined by GC measurements without isolation.

Polymerization catalyzed by Pd-Gr. A typical procedure of the
polymerization is as follows. In a three-necked flask, 0.385 g (1.25 mmol) of N, N'-
(3,4'-oxydiphenylene)bis(acrylamide) 1 and 0.528 g (1.25 mmol) of bis(4-
iodophenyl) ether 2 were dissolved in 20 mL of DMF. Pd-Gr (4.3 mg, 6.87x10-3
mmol/Pd), and 0.77 mL (3.25 mmol) of tributylamine were added to the solution.
The mixture was stirred at 100 ©C under nitrogen atmosphere. After 40 hours, the
mixture was filtered to remove the catalyst, and then poured into 300 mL of methanol
to precipitate polymer 3. The polymer was filtered, washed with hot methanol, and
dried in vacuo. The yield was 95 %. The inherent viscosity of the polymer was 0.95
dL g-1, measured in DMF at a concentration of 0.5 g dL-1 at 30 ©C; IR (KBr) 1665
(C=0), 976 cm"1 (C=C). Anal. Calcd for (C30H22N204)n: C, 75.94; H, 4.67;
N,5.90. Found: C, 75.83; H, 4.59; N, 5.70.

Polymerization catalyzed by Palladium acetate. In a three-necked flask,
0.385 g (1.25 mmol) of 1, 0.528 g (1.25 mmol) of 2, 2.8 mg (1.25 x 10-2 mmol)
of palladium acetate, 15.2 mg (5.0 x 10-2 mmol) of tritolylphosphine, and 0.77 mL
(3.25 mmol) of tributylamine were dissolved in 5 mL of DMF. The mixture was
stirred at 100 O©C under nitrogen atmosphere. After 4 hours, the mixture was poured
into 300 mL of methanol to precipitate polymer 3. The polymer was filtered, washed
with hot methanol, and dried ir vacuo. The yield was 95 %. The inherent viscosity
of the polymer was 1.11 dL g-1, measured in DMF at a concentration of 0.5 gdL-l
at 30 0C.

Measurements. High performance 1liquid chromatography (HPLC)
measurements were performed by using C18 column with a Shimadzu LC-9A and
SPD-6A (UV  spectrophotometric ~detector). Gas chromatography (GC)
measurements were performed by using a OV 101 column with Simadzu GC-7A
with a flame ionization detector. Inductively coupled plasma (ICP) spectrometric
measurements were carried out by using a SII SPS1500VR plasma Spectrometer.
Infrared (IR) spectra were recorded on a JASCO FTIR-8100 Fourier transform
infrared spectrophotometer. 1H NMR spectra were recorded on a JEOL FX-90Q

NMR spectrometer and homo J-resolved 1H-1H NMR spectra and homonuclear
correlated (HH COSY) NMR spectra were recorded on a JEOL GSX-500 NMR
spectrometer. Gel permeation chromatography (GPC) measurements were carried
out by using a JASCO HPLC 880PU, polystyrene-divinylbenzene columns (two
Shodex KD806M and KD802), and DMF containing 0.01 mol L-1 of lithium
bromide as an eluent. Absolute molecular weight was determined by laser light
scattering measurement using a miniDAWN apparatus (Wyatt Technology Co.) and a
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Shimadzu RID-6A refractive index detector. A specific refractive index increment
(dn/dc) of the polymer in DMF at 690 nm was determined to be 0.268 mL g! by
using an Optilab 903 apparatus (Wyatt Technology Co.). XPS measurements were
performed by using a ULVAC-PHI-5500MT system. The spectra were acquired
using monochromated Al-Ko (1486.7 ev) radiation at 14 kV and 200 W. Scanning
electron microscope (SEM) backscattered images were taken by using a JEOL T-220
microscope.
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Chapter 5

Synthesis of High-Molecular-Weight Polymers
by Ruthenium-Catalyzed Step-Growth
Copolymerization of Acetophenones
with o,w-Dienes

Hongjie Guo, Mark A. Tapsak, Guohong Wang, and William P. Weber!

Donald P. and Katherine B. Locker Hydrocarbon Research Institute,
Department of Chemistry, University of Southern California,
Los Angeles, CA 90089—1661

Two approaches are successful for the preparation of high molecular
weight polymers by ruthenium catalyzed step-growth copolymerization
of acetophenones and o, w-dienes. Acetophenones substituted with
electron donating groups such as 4’-methoxy, 4’-phenoxy or 4’-
dialkylamino groups lead to copolymers with respectable molecular
weights.  Alternatively, high molecular weight copolymers can be
prepared by activation of the ruthenium catalyst with a stoichiometric
amount of an alkene prior to addition of mixture of acetophenone and
o,0-diene monomers. The synthesis and characterization of these
copolymers is reported. Higher molecular weight copolymers are
founcill to be more thermally stable than those with lower molecular
weight.

Murai et al. have reported that dihydridocarbonyltris(triphenylphosphine)ruthenium
(Ru) catalyzes the addition of the ortho C-H bonds of acetophenone across the C-C
double bonds of olefins such as trimethylvinylsilane to yield ortho alkyl substituted
acetophenones (/-3). We have shown that this reaction can be applied to achieve step-
growth copolymerization (cooligomerization) of aromatic ketones and o,0-dienes. For
example, reaction of divinyldimethylsilane and acetophenone catalyzed by Ru at 150°C
yields copoly(3,3-dimethyl-3-sila-1,5-pentanylene/2-aceto-1,3-phenylene), M/M, =
3,500/2,430 as in equation 1 (4). We have carried out similar copolymerization

° o ()]
. /\/s,\/\ Ru(H),(COXPh3P); {6/\)/\}
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reactions between anthrone, fluorenone or xanthone and o,0-dienes such as
3,3,6,6-tetra- methyl-3,6-disila-1,7-octadiene or 1,3-divinyltetramethyldisiloxane as in
equation 2 (5).

7\ Y o AY
.y e '\ fl\j
g 28® :

Unfortunately, the molecular weights of these copolymers (cooligomers) are also
generally low (M, /M, ~ 3,000/1,600). This is not unexpected since exact stoichiome-
try is essential to achieve high molecular weights in step-growth copolymerization
reactions (6). The occurrence of minor unknown side reactions will destroy the re-
quired balance of stoichiometry. Successful attainment of higher molecular weights is
important since many polymer properties change rapidly until a minimum threshold
value is reached. Frequently, constant polymer properties are observed when the mo-
lecular weight greater than 10,000.

In this chapter, we report two solutions to this problem. Ru catalyzed step-growth
copolymerizations of 4'-dialkylacetophenones, 4'-methoxyacetophenone or 4'-
phenoxyacetophenone with o,o-dienes proceed more readily and yield significantly
higher molecular weight copolymers than those previously reported examples as in
equation 3. Alternatively, treatment of the Ru catalyst with one equivalent of an alkene

(€)

o \/ RuH)ACOXPhyP)y o ,
s Ay NAINF si
‘/\ N Si N
n

5§ / oy S

0.

prior to addition of the acetophenone and o,0-diene monomers leads to higher molec-
ular weight copolymers as in equation 4.

O
Ru(H)(COXPhsP);  + 135°C @j

5o ==t (g

Experimental

Spectroscopic Measurements. 'H and >°C NMR spectra were obtained on either a
Bruker AC-250 or an AM-360 spectrometer operating in the FT mode. ”Si NMR
spectra were recorded on an IBM Bruker WP-270-SY spectrometer. Five percent w/v
solutions of copolymer in chloroform-d were used to obtain NMR spectra. *C NMR
spectra were run with broad band proton decoupling. A heteronuclear gated
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decoupling pulse sequence (NONOE) with a 20 sec delay was used to acquire *Si
NMR spectra (7). These were externally referenced to TMS. Chloroform was used as
an internal standard for 'H and C NMR spectra. IR spectra of neat films on NaCl
plates were recorded on an IBM FT-IR spectrometer. UV spectra of cyclohexane
solutions were acquired on a Shimadzu UV-260 ultraviolet visible spectrometer.

Molecular Weight Distributions. Gel permeation chromatographic (GPC) analysis
of the molecular weight distribution of these polymers was performed on a Waters
system comprised of a U6K injector, a 510 HPLC solvent delivery system, a R401 re-
fractive index detector and a model 820 Maxima control system. A series of three 7.8
mm x 30 cm columns packed with < 10 um particles of monodisperse crosslinked sty-
renedivinylbenzene copolymer. These contain pore sizes of 1 x 10* A (Waters Ultra-
styragel), 1 x 10° A (Waters Ultrastyragel) and finally 500 A (Polymer Laboratories
PLgel). The eluting solvent was HPLC grade THF at a flow rate of 0.6 mL/min. The
retention times were calibrated against known monodisperse polystyrene standards:
M, 114,200; 47,500; 18,700; 5,120; and 2,200 whose M, /M, are less than 1.09.

Thermogravimetric Analysis (TGA) of the polymers was carried out on a Perkin-
Elmer TGS-2 instrument with a nitrogen flow rate of 40 cc/min. The temperature pro-
gram for the analysis was 50°C for 10 min followed by an increase of 4°C/min to
750°C.

Differential Scanning Calorimetry (DSC) was utilized to determine the glass transi-
tion temperatures (T,s) of the copolymers. These measurements were carried outon a
Perkin-Elmer DSC-7 instrument. The melting points of indium (156°C) and ice (0°C)
were used to calibrate the DSC. The program for the analysis was -50°C for 10 min

followed by an increase in temperature of 20°C/min to 150°C.

Reagents. All reactions were conducted in flame dried glassware under an atmosphere
of purified argon. 4'-Piperidinoacetophenone, 4'-morpholinoacetophenone, 4'-piperazi-
noacetophenone, 4'-methoxyacetophenone, and 4'-phenoxyacetophenone were pur-
chased from Aldrich. 1,3-Divinyltetramethyldisiloxane and 3,3,6,6-tetramethyl-3,6-di-
sila-1,7-octadiene were obtained from United Chemical Technologies. Dihydridocar-
bonyl#ris(triphenylphosphine)ruthenium was prepared from ruthenium trichloride (8).

Elemental Analysis was performed by Oneida Research Services Inc., Whitesboro,
NY.

4'-(N'-Benzyl)piperazinoacetophenone. 4'-Piperazinoacetophenone (0.61 g, 3
mmol), benzyl chloride (0.38 g, 3 mmol), potassium carbonate (0.21 g, 1.5 mmol) and
a Teflon-covered magnetic stirring bar were placed in a 100 mL flame dried roundbot-
tomed flask. The flask was sealed with a rubber stopper. The reaction mixture was
stirred for 24 h and was then poured into 100 mL of water. The precipitate was fil-
tered and recrystallised from ethanol/water. In this way, 0.7 g, 68% yield of product
mp 97.5-99°C was obtained. 'H NMR §: 2.49(s, 3H), 2.57(m, 4H), 3.34(m, 4H), 3.54
(s, 2H), 6.81-6.84(m, 2H), 7.27-7.33(m, SH), 7.83-7.86(m, 2H). *C NMR §&: 26.05,
47.31, 52.68, 62.95, 113.31, 127.24, 127.53, 128.31, 129.13, 130.33, 137.69, 154.17,
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196.40. IR v: 2820, 2777, 1664, 1598, 1555, 1518, 1455, 1427, 1388, 1361, 1303,
1285, 1245, 1230, 1195, 1148, 1008, 926, 906, 824, 744, 737, 733 cm™. UV A,
nm(e): 311(25,870), 261(4,930), 255(5,110).

Copoly(3,3,5,5-tetramethyl-4-0xa-3,5-disila-1,7-heptanylene/2-aceto-5-piperidino
-1,3-phenylene)(Copoly-I). 4'-Piperidinoacetophenone (0.51 g, 2.5 mmol), 1,3-divi-
nyltetramethyldisiloxane (0.47 g, 2.5 mmol), xylene (2 mL), Ru catalyst (0.07 g, 0.076
mmol) and a Teflon-covered magnetic stirring bar were placed in an Ace pressure tube
(15 mL, 10.2 cm long). A stream of argon was bubbled through the solution for 5
min. The tube and its contents were sealed with a Teflon bushing and FETFE "O"-
ring. The reaction mixture was stirred for 48 h at 150°C. The color of the reaction
mixture changed from colorless to black. The tube and its contents were cooled to rt
and pentane (5 mL) was added. The reaction mixture was stirred for several min. This
caused the catalyst to precipitate. After filtration, pentane was removed from the
crude polymer, by evaporation under reduced pressure. The copolymer was purified
three times by precipitation from tetrahydrofuran and methanol. In this way, 0.90 g,
91% yield of copolymer M,/M, = 20,880/9,540, T, = 2°C was obtained. 'H NMR &:
0.06(s, 12H), 0.82(m, 4H), 1.55(s, 2H), 1.66(s, 4H), 2.42(s, 3H), 2.47(m, 4H), 3.13(s,
4H), 6.58(s, 2H). °C NMR §&: 0.22, 21.03, 24.29, 25.78, 27.27, 33.27, 50.25, 113.77,
132.21, 141.31, 152.44, 208.17. ®Si NMR §: 7.22. IR v: 2940, 2859, 2809, 1690,
1598, 1563, 1557, 1467, 1453, 1444, 1413, 1385, 1352, 1256, 1224, 1183, 1121,
1062, 982, 911, 842, 791, 738, 649 cm™. UV A _,_nm(g): 216(20,200), 243(8,950),
287(6,320). Elemental Anal. Calcd for C,,H,,NO,Si,: C, 64.78; H, 9.00; N, 3.60.
Found: C, 64.02; H, 8.90; N, 3.49.

Copoly(3,3,5,5-tetramethyl-4-oxa-3,5-disila-1,7-heptanylene/2-aceto-5S-morpho-
lino-1,3-phenylene)(Copoly-II). 4-Morpholinoacetophenone (0.52 g, 2.5 mmol),
1,3-divinyltetramethyldisiloxane (0.47 g, 2.5 mmol), xylene (2 mL) and Ru catalyst
(0.07 g, 0.076 mmol) and a Teflon-covered magnetic stirring bar were placed in an
Ace pressure tube as above. In this way, 0.85 g, 86% yield of copolymer M,/M, =
16,470/8,050, T, = 14°C was obtained. "H NMR &: 0.07(s, 12H), 0.81(m, 4H), 2.42(s,
3H), 2.47(m, 4H), 3.14(s, 4H), 3.81(s, 4H), 6.56(s, 2H). °C NMR §&: 0.25, 21.06,
27.27, 33.27, 48.98, 66.85, 113.00, 133.09, 141.50, 151.53, 208.00. *Si NMR &:
7.22. IR v: 2956, 2893, 2858, 1953, 1778, 1721, 1692, 1651, 1600, 1564, 1538,
1511, 1451, 1414, 1379, 1352, 1305, 1252, 1184, 1125, 1058, 906, 840, 788, 733,
707, 686, 647 cm™. UV A__ nm(g): 216(21,270), 241(3,220), 287(6,390). Elemental
Anal. Calcd for C,;H,,NO,Si,: C, 61.38; H, 8.44; N, 3.60. Found: C, 60.90; H, 8.29;
N, 3.47.

Copoly[3,3,5,5-tetramethyl-4-0xa-3,5-disila-1,7-heptanylene/2-aceto-4-(N'-ben-
zyl)piperazino-1,3-phenylene](Copoly-III). 4-(N'-Benzyl)piperazinoacetophenone
(0.41 g, 1.4 mmol), 1,3-divinyltetramethyldisiloxane (0.26 g, 1.4 mmol), xylene
(2mL), Ru catalyst (0.04 g, 0.038 mmol) and a Teflon-covered magnetic stirring bar
were placed in an Ace pressure tube as above. In this way, 0.57 g, 85% yield of copo-
lymer M,/M, = 51,250/16,540, T, = 25°C was obtained. 'H NMR &: 0.07(s, 12H),
0.81(m, 4H), 2.42(s, 3H), 2.45(m, 4H), 2.60(s, 4H), 3.21(s, 4H), 3.58(s, 2H), 6.56(s,
2H), 7.34(s, 5H). "C NMR &: 0.18, 20.94, 27.17, 33.20, 48.52, 52.79, 62.78, 113.31,
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127.22, 128.23, 129.22, 132.68, 137.22, 141.32, 151.42, 208.01. ®Si NMR &: 7.16.
IR v: 2977, 2869, 1693, 1600, 1456, 1385, 1352, 1255, 1180, 1147, 1069, 913, 843,
790, 734, 700 cm™. UV A__ nm(g): 215 (22,096), 243(7,213), 288(5,270). Elemental
Anal. Calcd for C,,H,N,0,Si,: C, 67.54; H, 8.33; N, 5.83. Found: C, 65.66; H, 7.97,
N, 5.61.

Copoly|[3,3,6,6-tetramethyl-3,6-disila-1,8-octanylene/2-aceto-5-(N'-benzyl)pipera
zino-1,3-phenylene](Copoly-1V). 4'-(N'-Benzyl)piperazinoacetophenone (0.88 g, 3.0
mmol), 3,3,6,6-tetramethyl-3,6-disila-1,7-octadiene (0.59 g, 3.0 mmol), xylene (2mL),
Ru catalyst (0.07 g, 0.076 mmol) and a Teflon-covered magnetic stirring bar were
placed in an Ace pressure tube as above. In this way, 1.35 g, 92% yield of copolymer
MM, =25,790/7,490, T, = 23°C was obtained. 'H NMR §: -0.02(s, 12H), 0.39(s,
4H), 0.80(m, 4H), 2.42(s, 3H), 2.45(m, 4H), 2.60(s, 4H), 3.21 (s, 4H), 3.56 (s, 2H),
6.58(s, 2H), 7.34(s, SH). *C NMR §&: -4.16, 6.93, 17.57, 27.86, 33.24, 48.75, 52.94,
62.93, 113.32, 127.08, 128.19, 129.11, 132.58, 137.75, 141.61, 151.54, 208.08. *Si
NMR 6: 4.17. IR v: 2954, 2873, 1692, 1599, 1495, 1455, 1385, 1352, 1302, 1248,
1188, 1134, 1103, 1067, 997, 911, 832, 782, 735, 699, 647 cm™. UV A__ nm(g): 214
(25,740), 243 (8,950), 290(6,330). Elemental Anal. Calcd for C,.H,,N,0Si, : C,
70.73; H, 8.92; N, 5.69. Found: 68.98; H, 8.84; N, 5.48.

Copoly(3,3,6,6-tetramethyl-3,6-disila-1,8-octanylene/2-aceto-5-piperidino-1,3-
phenylene) (Copoly-V). 4'-Piperidinoacetophenone (1.00 g, 5 mmol), 3,3,6,6-tetra-
methyl-3,6-disila-1,7-octadiene (0.98 g, 5 mmol), Ru catalyst (0.1 g, 0.11 mmol) and a
Teflon covered magnetic stirring bar were placed in an Ace #15 high pressure reaction
tube as above. In this way, 1.59 g, 80% yield of copolymer M,/M, = 26,000/15,000,
T, = -5°C was isolated. 'H NMR §: -0.04(br.s, 12H), 0.37-0.41 (br.s, 4H), 0.76-0.82
(m, 4H), 1.56(s, 2H), 1.65(s, 4H), 2.42(s, 3H), 2.45 (m, 4H), 3.14(s, 4H), 3.56(s,2H),
6.58(s, 2H). °*C NMR §: -4.15, 6.97, 17.62, 24.26, 25.79, 27.90, 33.27, 50.30, 113.79,
133,19, 141.61, 152.43, 208.1. Si NMR &: 4.14. IR v: 2942, 2811, 1688, 1682,1597,
1552, 1479, 1467, 1452, 1445, 1422, 1414, 1385, 1353, 1274, 1256, 1237, 1186,
1132, 1055, 967, 928, 888, 834, 781, 705, 655, 646 cm™. UV A, nm (g): 215
(24,300), sh243(9,100), 291 (7,400). Elemental Anal. Calcd. for C,,H,;ONSi,: C,
68.82; H, 9.73; N, 3.49. Found: C, 68.04; H, 9.41; N, 3.43.

Copoly(3,3,6,6-tetramethyl-3,6-disila-1,8-octanylene/2-aceto-5-morpholino-1,3-
phenylene) (Copoly-VI). 4-Morpholinoacetophenone (0.50 g, 2.4 mmol), 3,3,6,6-
tetramethyl-3,6-disila-1,7-octadiene (0.48 g, 2.4 mmol), Ru catalyst (0.1 g, 0.11
mmol) and a Teflon-covered magnetic stirring bar were placed in an Ace pressure tube
as above. In this way, 0.79 g, 80% yield of copolymer M,/M, = 38,000/25,000, T, =
2.7°C was isolated. "H NMR &: -0.04(br.s, 12H), 0.37(br.s, 4H), 0.75-0.82(m, 4H),
2.42(m, 4H), 2.43(s, 3H) 3.15(s, 4H), 3.82(s, 4H), 6.56(s, 2H). *C NMR &: -4.19,
6.91, 17.61, 27.85, 33.21, 48.95, 66.79, 112.93, 132.96, 141.72, 151.45, 207.94. ®Si
NMR &: 4.16. IR v: 2955, 2901, 1651, 1599, 1452, 1380, 1353, 1257, 1187, 1133,
1112, 910, 834, 782, 737, 647 cm™. UV A__ nm (g): 215(24,600), sh243(10,900),
283(6,500). Elemental Anal. Calcd for C,,H;,0,NSi,: C, 65.51; H, 9.18; N, 3.47.
Found: C, 64.98; H, 8.88; N, 3.37.
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Copoly(3,3,5,5-tetramethyl-4-o0xa-3,5-disila-1,7-heptanylene/2-aceto-5-phenoxy-
1,3-phenylene)(Copoly-VII). 4'-Phenoxyacetophenone (0.65 g, 3.0 mmol), 1,3-divi-
nyltetramethyldisiloxane (0.56 g, 3.0 mmol), xylene (2 mL), Ru catalyst (0.07 g, 0.076
mmol) and a Teflon-covered magnetic stirring bar were placed in an Ace pressure tube
as above. In this manner, 0.98 g, 87% yield of pure copolymer M,/M, = 19,550/
10,490, T, = -12°C was obtained. 'H NMR &: 0.04(s, 12H), 0.78(m, 4H), 2.44(m, 4
H), 2.48(s, 3H), 6.70(s, 2H), 6.97(d, 2H, J = 7.5 Hz), 7.07(t, 1H, J = 7.5 Hz), 7.31(t,
2H, J=17.5Hz). "C NMR §: 0.18, 20.51, 26.70, 33.16, 116.19, 118.74, 123.19,
129.71, 136.22, 142.12, 156.93, 157.26, 207.77. ®Si NMR &: 7.29. IR v: 2955,
1699, 1588, 1492, 1255, 1058, 840 cm™. UV A nm(g): 246 (8,070), 255(7,340),
261( 6,600), 276 (3,910). Elemental Anal. Calcd for C,,H,,0,5i,: C, 66.33; H, 7.54.
Found: C, 66.24; H, 7.24.

Copoly(3,3,6,6-tetramethyl-3,6-disila-1,8-octanylene/2-aceto-5-phenoxy-1,3-phen
ylene)(Copoly-VIII). 4'-Phenoxyacetophenone (0.65 g, 3.0 mmol), 3,3,6,6-tetra-
methyl-3,6-disila-1,7-octadiene (0.59 g, 3.0 mmol), xylene (2 mL), Ru catalyst (0.07
g, 0.076 mmol) and a Teflon-covered magnetic stirring bar were placed in an Ace
pressure tube as above. In this way, 0.87 g, 70% yield of pure copolymer M,/M, =
17,500/10,550, T, = -1.5°C was obtained. 'H NMR &: -0.04(s, 12H), 0.36(s, 4H),
0.77(m, 4H), 2.39(m, 4H), 2.47 (s, 3H), 6.71(s, 2H), 6.98(d, 2H, J = 7.5 Hz) 7.08(t,
1H, J=17.5 Hz), 7.32 (t, 2H, J = 7.5 Hz). "C NMR &: -4.20, 6.88, 17.15, 27.37,
33.18, 116.27, 118.63, 123.11, 129.69, 136.22, 142.44, 157.03, 157.15, 207.90. *Si
NMR 3&: 4.23. IR v: 2953, 2903, 1696, 1587, 1491, 1460, 1417, 1353, 1288, 1248,
1217, 1177, 1165, 1134, 1055, 832, 783, 695 cm™. UV A_, nm(e): 248(10,640), 255
(10,160), 261 (9,360), 276(5,770). Elemental Anal. Calcd for C,H,,0,Si,: C, 70.24,
H, 8.29. Found: C, 69.94; H, 7.98.

Copoly(3,3,5,5-tetramethyl-4-oxa-3,5-disila-1,7-heptanylene/2-aceto-5-methoxy-
1,3-phenylene)(Copoly-IX). 4'-Methoxyacetophenone (0.50 g, 3.3 mmol), 1,3-divi-
nyltetramethyldisiloxane (0.62 g, 3.3 mmol), toluene (1 mL), Ru catalyst (0.06 g,
0.066 mmol) and a Teflon covered magnetic stirring bar were placed in an Ace pres-
sure tube as above. In this way, 0.95 g, 86% yield M,/M, = 13,860/6,700, T, = -24°C
was obtained. 'H NMR &: 0.07(s, 12H), 0.82(m, 4H), 2.43(s, 3H), 2.47(m, 4H), 3.77
(s, 3H), 6.58(s, 2H). *C NMR §: 0.25, 20.73, 26.92, 33.26, 55.10, 111.33, 133.93,
141.86, 160.78, 207.95. ®Si NMR §: 7.21. IR v: 3000, 2955, 2838, 1940, 1737, 1694,
1650, 1638, 1602, 1538, 1511, 1469, 1442, 1414, 1255, 1179, 1153, 1125, 1045,
954, 901, 788, 704, 623 cm . UV A, nm(E): 250(7,360), 256(7,850), 261(7,930).
Elemental Anal. Calcd for C,;H,,0,Si,: C, 60.71; H, 8.33. Found: C, 59.82; H, 8.00.

Copoly(3,3,6,6-tetramethyl-3,6-disila-1,8-octanylene/2-aceto-5-methoxy-1,3-
phenylene)(Copoly-X). 4'-Methoxyacetophenone (0.50 g, 3.3 mmol), 3,3,6,6-tetra-
methyl-3,6-disila-1,7-octadiene (0.65 g, 3.3 mmol), toluene (1 mL), Ru catalyst (0.06
8, 0.066 mmol) and a Teflon covered magnetic stirring bar were placed in an Ace
pressure tube as above. In this manner, 0.89 g, 77% yield of pure copolymer M_/M, =
29,700/11,900, T, = -6°C was obtained. 'H NMR §&: -0.04(s, 12H), 0.37(s, 4H), 0.79
(m, 4H), 2.40(m, 4H), 2.43(s, 3H), 3.77(s, 3H), 6.57(s, 2H). "C NMR §: -4.20, 6.92,
17.31, 27.54, 33.25, 55.09, 111.26, 133.63, 142.14, 159.61, 207.96. *Si NMR &:
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4.20. IR v: 2951, 2900, 2838, 1702, 1698, 1694, 1682, 1674, 1619, 1600, 1574,
1468, 1455, 1441, 1422, 1414, 1350, 1327, 1293, 1246, 1192, 1176, 1152, 1133,
1075, 1054, 1037, 996, 953, 900, 828, 781 cm™ . UV A, nm(g): 250(5,710), 255
(6,010), 261(5,990). Elemental Anal. Calcd for C,;H;,0,Si,: C, 65.52; H, 9.20. Found:
C,64.94, H,9.27.

High Molecular Weight Copoly(3,3,5,5-tetramethyl-4-oxa-3,5-disila-1,7-heptany-
lene/2-aceto-1,3-phenylene)(Copoly-XI). Ru catalyst (0.11g, 0.12 mmol) and tolu-
ene (1 mL) were placed in a 50 mL three-neck round-bottomed flask equippped with a
reflux condenser and a Teflon-covered magnetic stirring bar. The other two necks of
the flask were sealed with rubber septa. Vinyltrimethoxysilane (0.16 mL, 0.018 g, 0.12
mmol) was added via a syringe. The flask and its contents were heated to 135°C for 1
min. At this time, a mixture of acetophenone (0.48 g, 4 mmol) and 1,3-divinyltetra-
methyldisiloxane (0.74 g, 4 mmol) were added. The reaction was heated at 135°C for
12 h. After work-up, 0.9 g, 74% yield of copoly-XII, M,/M, = 40,600/14,800 and T,
=-33°C was obtained. It had spectral properties in complete agreement with low mo-
lecular weight copoly-XI previously reported (4).

Low Molecular Weight Copoly(3,3,6,6-tetramethyl-3,6-disila-1,8-octanylene/
2-aceto-1,3-phenylene) (Copoly-XII). Acetophenone (0.3 g, 2.5 mmol), 3,3,6,6-
tetramethyl-3,6-disila-1,7-octadiene (0.5 g, 2.5 mmol) and Ru catalyst (0.15 g, 0.16
mmol) were reacted as above. In this way, copoly-XIII, 0.72 g, 90% yield, M/M, =
7,890/4,800, T, = -20.5°C was obtained. "H NMR &: -0.015(s, 12H), 0.40(s, 4H),
0.79-0.86(m, 4H), 2.42-2.56(m, 7H), 7.07(d, 2H, J = 7.5 Hz), 7.21(t, 1H, J = 7.5 Hz).
“C NMR &: -4.19, 6.90, 17.42, 27.29, 33.02, 125.89, 128.72, 139.87, 140.79, 208.11.
®Si NMR §: 4.17. IR v: 3060, 2951, 2900, 1929, 1702, 1699, 1682, 1593, 1461,
1455, 1439, 1422, 1351, 1247, 1177, 1133, 1089, 1053, 995, 961, 902, 832, 780,
757, 695 cm™. UV A nm(g): 217 (18,600), 264(2,020). Elemental Anal. Calcd for
C,H,,08i,: C, 67.92; H, 9.43. Found: C, 67.19; H, 8.87.

High Molecular Weight Copoly-XII. Ru catalyst (0.073 g, 0.08 mmol) and styrene
(0.009 mL, 0.008 g, 0.08 mmol) were placed in a 50 mL three-neck round-bottomed
flask as above. The mixture was heated at 135°C for two min. At this time, a mixture
of acetophenone (0.48 g, 4 mmol) and 3,3,6,6,-tetramethyl-3,6-disila-1,7-octadiene
(0.79 g, 4 mmol) was added. The reaction mixture was heated at 135°C for 12 h. Af-
ter work-up, 1.12 g, 88% yield of copoly-XIII, M,/M, = 22,900/21,300, T, = -17°C
was obtained. It had spectral properties idential to those reported above. Ethylbenzene
was detected by GC/MS analysis of the solution by both its retention time and base
peak which was found at m/e = 91.

Results and Discussion

Murai has suggested that the ruthenium catalyzed ortho alkylation reaction of aceto-
phenone with alkenes proceeds by insertion of a carbonyl complexed coordinately un-
saturated Ru species into an adjacent ortho C-H bond to yield an aryl-Ru-H interme-
diate (/-3). The well known insertion of palladium species into aromatic C-H bonds
which are ortho to activating groups such as N,N-dimethylaminomethyl may be similar
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(9,10). The ruthenium catalyzed reactions of aromatic ketones and alkenes or o, ®-
dienes maybe related mechanistically to the palladium catalyzed Heck reaction of aryl
halides with alkenes (/7). Insertion of palladium into the C-X bond of the aryl halide
leads to a reactive aryl palladium species which is the key intermediate in this reaction.
The Heck reaction has also been applied to the synthesis of polymers (12-16).

Attempts to carry out ruthenium catalyzed copolymerization reaction between
4-acetylpyridine and 1,3-divinyltetramethyldisiloxane were unsuccessful (/7). This
may be rationalized if the insertion of the complexed coordinately unsaturated Ru spe-
cies into the ortho C-H bond has some of the characteristics of an aromatic electro-
philic substitution reaction. Thus pyridine undergoes aromatic electrophilic substitu-
tion reactions with difficulty (/8). Based on this hypothesis, acetophenones substituted
with electron donating groups, which facilitate electrophilic substitution, such as 4'-
dialkylamino, 4'-methoxy or 4'-phenoxy should undergo this reaction with greater fa-
cility and might lead to higher molecular weight copolymers. To test this concept, we
have carried out Ru catalyzed copolymerization reactions between 4'-piperidinoaceto-
phenone, 4'-morpholinoacetophenone, 4'-(N'-benzyl)piperazinoacetophenone, 4'-meth-
oxyacetophenone, or 4'-phenoxyacetophenone and 1,3-divinyltetramethyldisiloxane or
3,3,6,6- tetramethyl-3,6-disila-1,7-octadiene. In fact, the reactions proceed signifi-
cantly faster and the molecular weights of the copolymers obtained are significant-
ly higher.

Alternatively, treatment of the Ru catalyst with one equivalent of an alkene prior
to additon of the acetophenone and o,-diene monomers leads to high molecular
weight copolymers. This latter method was developed based on end group analysis of
low molecular weight copoly[1,8-xanthonylene/3,3,5,5-tetramethyl-4-oxa-3,5-disila-
1,7-heptanylene]M,/M, = 3,500/1,700)which had been previously prepared by the Ru
catalyzed step-growth copolymerization of xanthone and 1,3-divinyltetramethyldisi-
loxane (5). Resonances consistent with an ethyl group attached to silicon were de-
tected by NMR spectroscopy. Our hypothesis was that these might be formed by hy-
drogenation of one of the C-C double bonds of the a,@-diene and that the hydrogen
needed for this reduction must come from the catalyst itself. This hydrogenation may
in fact be involved in the formation of the coordinately unsaturated catalytically active
ruthenium species needed for copolymerization.

Based on this hypothesis, we have treated the Ru catalyst with a stoichiometric
amount of an alkene such as styrene or vinyltrimethoxysilane. After heating this mix-
ture at 135°C for a few minutes, a solution of acetophenone and a,,0-diene were add-
ed. In this way, significantly higher molecular weight copolymers were obtained. For
example, copolymerization of acetophenone and 1,3-divinyltetramethyldisiloxane with
Ru catalyst which had been previously activated with a stoichiometric amount of vinyl-
trimethoxysilane gave copoly-XII, M,/M, = 40,600/14,800 with a T, = -33°C.
Whereas, copoly-XII synthesized without prior activation of the catalyst had M,/M, =

8,300/6,700 and T, = -44°C. Similarly, copolymerization of acetophenone and
3,3,6,6-tetramethyl-3,6-disila-1,7-octadiene catalyzed by Ru which had been previous-
ly activated by treatment with a stoichiometric amount of styrene gave copoly-XIII
M,/M, = 22,900/21,300 with a T, = -17°C. Ethylbenzene was detected by GC/MS in
this reaction. Copoly-XIII prepared without prior activation of the catalyst had M,/M_
= 7,800 /4,800 with T, = -20.5°C. Catalyst activation with a stoichiometric amount of
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alkene provides a significant imporvement in copolymer molecular weight, T and ther-
mal stability.

The structure of the copolymers reported herein as determined by 'H, *C, and *Si
NMR spectroscopy is consistent with predominant regioselective addition of the C-H
bonds, which are ortho to the carbonyl group of the substituted acetophenones across
the C-C double bonds of 1,3-divinyltetramethyldisiloxane or 3,3,6,6-tetramethyl-3,6-
disila-1,7-octadiene such that the hydrogen becomes attached to the more substituted
end of the double bond ( see experimental) as in Figure 1.

The choice of a,@-dienes is not random. Based on our previous work, it is appar-
ent that most a,o-dienes are NOT suitable substrates for this reaction (/9). The ruthe-
nium catalyst not only catalyzes the insertion of C-C double bonds of a.,@-dienes into
the ortho C-H bonds of aromatic ketones - but also the isomerization of terminal C-C
double bonds to internal double bonds which are much less reactive. 1,3-Divinyltetra-
methyldisiloxane and 3,3,6,6-tetramethyl-3,6-disila-1,7-octadiene have been utilized
because isomerization of their C-C double bonds is blocked.

The TGAs of copoly-I, II, IV, V, and VI are quite similar. They are thermally sta-
ble to 200-210°C. Between 200-210°C and 385-400°C they lose about six per-
cent of their initial weight. Above 385-400°C, rapid weight loss occurs.

Copoly-VII, VIII, IX, and X are thermally stable to 270°C. Between 270 and
380°C they each experience approximately a five percent weight loss. Above 400°C
rapid weight loss occurs. By 550°C residues which amount to between eighteen and
ten percent remain as in Figure 2. The copolymers which incorporate 4'-methoxy and

"-phenoxyacetophenones are more thermally stable that those based on 4'-dialkylami-
noacetophenones.

The achievement of higher molecular weight polymers is important since many
polymer properties change rapidly until a minimum threshold molecular weight is
achieved (/9). Frequently this minimum polymer molecular weight for constant poly-
mer properties occurs at about a molecular weight of 10,000. All of the copolymers
reported herein have molecular weights M,, greater than 15,000.

The effect of polymer molecular weight on thermal stability of these polymers is
particularly dramatic. The TGAs of low and high molecular weight samples of copoly-
V and copoly-XII provide striking graphical comparisons. Low molecular weight sam-
ples of copoly-V have been prepared by carrying out the copolymerization with a non-
stoichiometric balance of reactants. In one case, a three percent excess of 3,3,6,6-
tetramethyl-3,6-disila-1,7-octadiene was utilized, while in the other a three percent ex-
cess of 4'-piperidinoacetophenone was employed. These reactions lead to lower mo-
lecular weight copolymers. In the case of the former, terminal vinyl groups could be
detected by 'H and *C NMR. In the latter, terminal 4-piperidino acetophenone units
were observed 'H and *C NMR spectroscopy. The thermal stability of these lower
molecular weight copolymers was significantly lower than higher molecular weight co-
polymer as in Figure 3. High molecular weight copoly-XII is also found to be signifi-
cantly more thermally stable than low molecular weight copoly-XII as in Figure 4.

Oxidative photodegradation is a major problem for polymers which are utilized as
coatings in exterior applications. Perfectly alternating copolymers formed by ruthe-
nium catalyzed step-growth copolymerization of acetophenones and a,®-dienes have
considerable potential in this area. Thus, these polymers contain ortho alkyl aceto-
phenone units as an integral part of the copolymer backbone. It is well known that
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monomeric ortho alkyl acetophenones undergo light induced photoenolization and that
this is a process which is reversible in the dark as in equation 5. Experiments to test
the photoenolization and photostability of these new copolymers are in progress.
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Figure 1. 'H and >C NMR of Copoly(3,3,6,6,-tetramethyl-3,6-disila-1,8-octanyl-

ene/2-aceto-5-methoxy-1,3-phenylene).
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Conclusion

The ruthenium catalyzed copolymerization of acetophenones with a.,c-dienes is sensi-
tive to electronic effects in the acetophenone. Specifically, electron donating dialkyla-
mino, methoxy and phenoxy groups facilitate the copolymerization and result in high
molecular weight polymers. In these systems, the molecular weights are sufficiently
high to warrant legitimate use of the word copolymers rather than cooligomers. Alter-
natively, prior activation of the Ru catalyst with a stoichiometric amount of an alkene
before addition of a mixture of the acetophenone and the o, @-diene also leads to high-
er molecular weight polymers. Further studies on this step growth polymerization
based on the Murai reaction are in progress.
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Chapter 6

Access to Silicon-Derived Polymers via Acyclic
Diene Metathesis Chemistry
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Acyclic diene metathesis (ADMET) polymerization has shown to be a clean
route to silicon-based unsaturated polymers. High molecular weight
carbosilane and carbosiloxane polymers have been generated with Schrock's
well-defined tungsten and molybdenum alkylidenes. Monomer reactivity has
shown to be highly dependant on the nature of the carbon spacing between the
olefin and the silicon moiety. Cyclization reactions have also been observed
during bulk polymerization and in solution. In addition, chloro-functionalized
silanes offer an opportunity to produce materials with a broad range of

potential properties due to the reactive sites along the backbone. Further, o, 7t
conductive hybrid silicon polymers have been constructed which will allow

the systematic study of the nondefined nature of conductivity through a 6—-nt
system.

Olefin metathesis polymerization, which is now more than 25 years old, has led to
commercial polymers based on ring opening metathesis polymerization (ROMP). The
early developments in metathesis proceeded with research using classical catalyst
systems, and while these systems are quite useful in producing polymers, their
behavior is less well understood, and consequently well defined catalyst systems have
evolved. Metathesis polymerization can be divided into two categories (Figure 1): a)
ring opening metathesis polymerization and b) acyclic diene metathesis (ADMET)
polymerization. The literature associated with ROMP chemistry is broad and will not
be considered in the scope of this report. A brief review of ADMET polymerization,
however, will prove useful in describing silicon polymers that can be made using this
technique.

ADMET polymerization is based on step condensation chemistry where high
molecular weight polymers are generated via the formation and removal, in vacuo, of a
small molecule (Figure 2). The key to successful ADMET chemistry is dependent on
the removal of acids from the catalyst system. This can be illustrated in Figure 3,
where the adverse effect of acids is manifested in the attempted polymerization of 1,9-
decadiene. In this example, the well known tungsten hexachloride catalyst system

0097—-6156/96/0624—0113$12.00/0
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Ring Opening Metathesis Polymerization
Rq catalyst /k\/ R \}\
n

Acyclic Diene Metathesis Polymerization

R,
| | ~caalys, ,{/\/R'+ + R,CH=CHR,
n
R} R,

Figure 1. Classes of metathesis polymerization.

ADMET Dimerization

R

ANAE Gl

ADMET Polymerization

R
R
n f Wl Catal!st 4/\/ \]\ + H2C=CH2
n

Figure 2. ADMET is a true step condensation polymerization.

In Step-Growth Polymers for High-Performance Materials, Hedrick, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



115

try

(‘1 31 woiy pardepy) "wAIsAs
1sA[e1eD [BOISSE[D © Y)IMm SISAYIeIaul §iim s9)adurod uonippe [Aulp ¢ aandig

mis

6. CUMMINGS ET AL.  Silicon-Derived Polymers via ADMET Che

Ndd 0 oS 001 oSt 00¢C Wdd 0 oS Q.: OM 1 O_ON

e M I n A A — 1

auaIped’q-6 ‘|

19npoig uonseay

R_YV

N

CHD)
£ HOY
/T G:}m
%(*HD)
Jonpoxd
:oEv%M [KuIA 1onpoud sisayielay

900UD'7290-966T-X0/TZ0T 0T :10p | 966T ‘G A2 :9%q U0l jand

a10Jog

-

(*HD)

Bio'sde'sgnd;/:dny | 210 ‘¥T J8goIo0 U0 ¥ 1T NITUO AINN AHOANYLS Ag papeojumoq

In Step-Growth Polymers for High-Performance Materials, Hedrick, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Downloaded by STANFORD UNIV GREEN LIBR on October 14, 2012 | http://pubs.acs.org

Publication Date: May 5, 1996 | doi: 10.1021/bk-1996-0624.ch006

116 STEP-GROWTH POLYMERS FOR HIGH-PERFORMANCE MATERIALS

results in metathesis condensation, but also induces vinyl addition chemistry,
producing a different type of repeat unit (/). Further, this vinyl addition reaction
disrupts stoichiometric balance resulting in poorly defined polymer systems which are
for the most part crosslinked. The carbon NMR spectrum shows this rather clearly,

particularly in the sp2 region where a large multiplet appears around 140 ppm. If this
chemistry were perfectly clean with respect to the ADMET reaction, then one would
anticipate the presence of only two lines for trans and cis sp2 carbons. This problem
was resolved by changing to an acid-free catalyst system.

Figure 4 displays this phenomenon graphically, where the catalyst system
chosen is that produced by Schrock several years ago. Though the molybdenum
version is shown in this figure, both molybdenum and tungsten versions are
successful in this conversion, as is the recently developed Grubbs catalyst system
based on ruthenium. Figure 4 illustrates that the polymer possesses only the trans and
cis resonances. Polymers with number average molecular weights of a minimum of
50,000 can be made by this technique, if ethylene is completely removed (2).

Mechanistically, polymerization proceeds through various metallacyclobutane
intermediates (Figure 5). This mechanism, which is consistent with the reacton
intermediate proposed by Chauvin (3), and later clearly manifested by Grubbs using
Tebbe's catalyst system (4), demonstrates the ease in which polymers can be generated
using this chemistry. The polymers are perfectly difunctional in vinyl groups, an
important characteristic of ADMET polymers is evident in the oligomers shown in
Figure 3. The distinctive quality of ADMET polymerization derives from the fact that
very clean polymer systems are produced which do not require additional purification
procedures and possess only one type of repeat unit.

A wide variety of polymers can be produced using this chemistry including
those which are purely hydrocarbon (5,6) in nature as well as systems possessing
functional groups. The monomers containing functional groups can be converted to
ADMET polymers if simple selection rules which govern this reaction are followed.
Specifically, the negative neighboring group effect must be considered, a phenomenon
which is illustrated in Figure 6. Here, the R group shown possesses Lewis basic
atoms such as oxygen, sulfur, and phosphorus, and if the functional group is part of a
chain which places it relatively close to the active metal center, then complexation
occurs leading to a nonreactive entity. However, if the number of carbon spacers
between the metal atom and the functional group is increased, then the equilibrium
shifts from the stable complex to the elimination of the active catalytic methylidene
carbene, which leads to propagation (polymerization). If two methylene spacers are
present between the metal and the functional group, then the equilibrium preferentially
is shifted towards polymer formation. This phenomenon appears to be quite general,
and as a consequence has led to the synthesis of a wide variety of polymer systems
including ethers (7), esters (8), carbonates (9), polyketones (10), polythioethers (11),
and in most recent cases, polymers possessing phosphorus.

The Synthesis of Polycarbosilanes. Silicon-based polycarbosilanes do
not exist naturally. A number of synthetic methods have been used to prepare them,
but only now can the synthesis of polycarbosilanes, via ADMET chemistry, be
realized (12). Our initial work began with the monomers, dimethyldivinylsilane and
diphenyldivinylsilane. The attempted condensation of these monomers in a typical
ADMET scheme did not lead to the formation of polymer. The explanation for the
nonreactivity of these monomers can be attributed to steric interactions which preclude
the formation of the required metallacyclobutane as illustrated in the polymerization
cycle shown in Figure 3. This observation has precedence considering Schrock's
work with vinyltrimethylsilane as illustrated in Figure 7 (13). Here it becomes evident
that the steric interaction required to form the metallacyclobutane is inhibited by the
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Figure 6. Schematic of the negative neighboring group effect.
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presence of adjacent trimethylsilyl groups. Thus, while the exchange reaction can
occur with Schrock's catalyst to form the precursor catalyst, the scheme cannot
proceed to form links between the vinyltrimethylsilane olefins, and as a result, no
reaction is observed. However, if one relieves the steric strain by placing methylene
spacer groups between silicon and the olefin involved in metathesis, then condensation
polymerization proceeds cleanly to produce a wide variety of carbosilane polymer
systems. Three such examples are illustrated in Figure 8. ADMET polymerization of
these monomers occurs rapidly with the release of ethylene, and high molecular weight
polymers with number average molecular weights of 20,000 are observed upon
reaction completion. The polymers that form are extraordinarily clean in that no other
repeat unit is present. The NMR data found in Figure 9 illustrates the simplicity of this
polymerization, where the NMR spectra are clean, the molecular weight is high, and in
this case, the end groups are virtually nonexistent because of their low concentration.
The polymers that are made by this system can exhibit a number of thermal properties
depending upon the nature of the spacer itself. For example, if the spacer is
aliphatic,then low glass transition temperature materials can be prepared with values as
low as -60°C. However, if the spacers possess stiff carbon moieties such as aromatic
rings, then the glass temperatures are in the range of 40-50°C. Further, these
polymers are crystalline in nature, which is not unexpected, given the regularity of the
repeat unit within the polymer.

While dimethyldivinylsilane cannot be polymerized for steric reasons, it can be
copolymerized with monomers such as 1,9-decadiene. The copolymerization reaction
proceeds smoothly because the steric strain described earlier is relieved since there are
no adjacent trimethylsilyl groups found on the metallacyclobutane ring. In this case
one of the substituents, a long alkyl chain, is less sterically hindering which allows
completion of the polymerization cycle. This leads to polymers which possess
dimethylsilyl co-repeat units with no two dimethylsilyl repeat units being connected to
one another. Thus, the isolated presence of silyl groups in the polymer can be
observed in its NMR spectrum. This provides further evidence for the steric nature in
controlling ADMET chemistry.

The Synthesis of Polycarbosiloxanes. The situation for
polycarbosiloxanes is similar to that observed for polycarbosilanes. Polymerizability
of monomers is largely dictated by steric interactions, though one cannot exclude the
electronic effect that may be present due to the silicon oxygen bond being adjacent to
the metathesizing olefin. For example, bis-vinyl tetramethyldisiloxane fails to
polymerize via ADMET chemistry whereas bis-allyl disiloxane does in fact condense
in a rapid fashion. In the case of bis-allyldisiloxane, however, cyclization
predominates rather than polymerization. The generation of the cyclic structure can be
attributed to the Thorpe-Ingold effect of the dimethyl groups present in the monomer,
generating a conformation which leads exclusively to intramolecular (cyclization)
chemistry rather than intermolecular (polymerization) chemistry. Nonetheless, the
ADMET reaction is rapid and quantitative.

Keeping these points in mind, it becomes evident that polymers can be formed
by both alleviating steric strain and eliminating the possibility of intramolecular
cyclization chemistry. Figure 10 illustrates examples of successful ADMET
polymerizations leading to siloxane polymer structures (/4). As previously stated
these polymers possess only one type of repeat unit which is easily identified by
typical characterization methods. Their thermal behavior can be varied depending
upon the nature of the spacer unit, though in this case the materials are clearly more
flexible than for carbosilanes with glass temperatures now closer to -100°C.

An interesting opportunity exists for combining carbosilanes and
carbosiloxanes into polymer systems. It should be possible to tailor the behavior of
silicon-containing polymers made by ADMET chemistry, depending upon the nature
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Figure 9. 200 MHz 1H and 50 MHz 13C NMR spectra of the above

polycarbo(dimethyl)silane.(Reproduced with permission from ref.

12. Copyright 1991 American Chemical Society)

In Step-Growth Polymers for High-Performance Materials, Hedrick, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.

121



Publication Date: May 5, 1996 | doi: 10.1021/bk-1996-0624.ch006

Downloaded by STANFORD UNIV GREEN LIBR on October 14, 2012 | http://pubs.acs.org

122 STEP-GROWTH POLYMERS FOR HIGH-PERFORMANCE MATERIALS

Chs Cr,CHy CH,
CH, C:*J ?CH” catalyst CH; FH5§ }CH3 JcHy
/\/ “0’ \oasl\& %slso/ \O’ \/\/9\
°C2H4 n
CH;,
cH, §1 § CH catalyst CH;CHs CHJC H,
NS 3 \/\/\ —_— Si *0'3‘
‘CZH.‘
CH; CH3 CH;; CH] CH) C]-[; CH(’:HJ
/\/ lsoo l Sl\o,S\A
catalyst “CoHy

Figure 10. ADMET polymerization of carbodisiloxadienes.(Reproduced with
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Copyright 1993 American Chemical Society)
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of the spacer which is chosen in the diene monomers. Figure 11 shows the carbon
NMR spectrum of a high molecular weight polycarbosiloxane with precise structure
without prior purification. There are obvious advantages and opportunities to
st)lllnthesizing pure, well defined polycarbosilane and polycarbosiloxane materials of
this nature.

Typical of all carbosilane and carbosiloxane polymerizations is the fact that the
trans stereochemistry predominates over the cis with respect to the olefin that is in the
backbone. This trans arrangement arises from the polymerization mechanism leading
to the connection of olefin units. This is observed to be true, not only for silicon
polymers, but for all ADMET polymers made to this point, regardless of whether
functionality is present in the backbone.

Another interesting aspect of ADMET polymerization has to do with the nature
of the active chain end which is responsible for step polymerization. Once monomer
concentration is sufficiently depleted, then other possible reactions can occur with
respect to the chain end. One possibility is trans-metathesis which in essence is similar
to exchange reactions that are found in classical step polymerizations. For example,
trans-esterification in the formation of polyester naturally occurs upon depletion of
monomer concentration. The same is true for polyamide chemistry. The result is the
most probable distribution of molecular weights, leading to a polydispersity ratio
which approaches 2.0. This polydispersity ratio value is typical for ADMET
polymers, as well as for polycarbosilanes and polycarbosiloxanes.

Another typical reaction in step polymerization chemistry is the formation of
small quantities of cyclics as an alternate reaction pathway. Cyclics are formed in
these silicon polymers as described in a mechanism which is illustrated in Figure 12.
Here, the active chain end backbites to produce rings of various sizes which can be
strategically controlled by altering the medium in which the polymerization is
conducted. In Figure 13, this situation is clearly illustrated for one of the simplest
siloxane polymerizations that have been performed. For example, if the
polymerization is carried out in bulk and under vacuum, 7 mol % of cyclics are
observed with the cis isomer being generated in preference to the trans form.
However, if the reactants are dissolved in a benzene solution, then cyclization occurs
at a much faster rate. Dilution allows intramolecular chemistry to occur in a more
preferential manner, yet the results of this cyclization are the same regardless of
whether it is done in solution or bulk. The predominant cyclic structure is cis.
Cyclization leading to the cis product (rather than to trans) occurs during
postcondensation, and can be mechanistically explained as illustrated in Figure 14.
Here, the syn-cis and anti-cis conformations of Schrock's catalyst system are
preferred, and the metallacyclobutane rings that are generated from them lead to
elimination of the cis cyclic rather than the trans one. This evidence is dramatic for
identifying the factors in control of metallacyclobutane formation.

Sigma, Pi Conductive Hybrid Silicon Polymers. The facile nature of
ADMET polymerization leads to other opportunities for producing clean polymer
structures. This chemistry occurs at room temperature or even lower if preferred, and
as a consequence, it became evident that questions might be answered regarding
structure performance behavior. The objective of this section is to describe the

synthesis and importance of a series of G, © conductive polymers based on polysilanes
and phenylene-vinylene. Figure 15 illustrates the chemistry at hand. The chemistry is
relatively straightforward, involving the formation of a Grignard reagent which then
couples with various lengths of silane units. Note in this case, the ADMET monomer
possesses propenyl rather than vinyl endgroups. Propenyl groups were chosen since
vinyl aromatic rings, e.g., styrenes, easily polymerize by vinyl addition chemistry.
The presence of the methyl groups prevents this from occurring, and when the
ADMET reaction occurs for this system, 2-butene is released rather than ethylene.
These polymerizations have been attempted with values from n = 1-6, yet our first
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efforts to produce high polymers have not been successful, likely due to solubility
problems. There is no question that ADMET condensation occurs, and in fact, a
chromic shift is observed in the UV spectrum from comparing monomer and polymer.
It is our intention to produce soluble forms of this polymer by proper selection of
solubilizing groups at position R. Once these polymers are made, it will become
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possible to study, in a systematic manner, the nature of conductive transfer from a -

system to a m-system. This may prove to be an excellent opportunity to further
elucidating the nature of conductivity of polymer backbone systems.

Silicon Polymers Possessing The Reactive Silicon Chlorine
Bond. Another interesting aspect of ADMET polymerization chemistry relates to the
fact that certain very reactive functional groups are completely inert to the ADMET
reaction itself. For example, it has been shown that the silicon chlorine bond remains
inert during ADMET chemistry in the presence of Schrock's alkylidene. As a
consequence, the opportunity presents itself to form polymers at room temperature
possessing reactive sites along the backbone. This has been demonstrated by
synthesizing polymer backbones which possess both monochloro and dichlorosilane
groups in the chain.

For example, diallylmethylchlorosilane has been synthesized using techniques
described by Burns and has been condensed to form oligomers at room temperature
using Schrock's molybdenum catalyst system (/5). Further, bis-4-pentenyl-
dichlorosilane has been produced and condensed as well by this chemistry (16).
These reactions are shown in Figure 16. The NMR data for the dichloro-
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Figure 16. 300 MHz 1H NMR of a dichlorsilane: a) monomer b) polymer.

(Reproduced with permission from ref. 16. Copyright 1995
American Chemical Society)
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polymerization are shown in Figure 16, illustrating that the chemistry is as clean as in
other ADMET polymerization systems. These chloro-functionalized silanes offer
an opportunity to produce materials having broad properties, depending upon
subsequent substitution reactions that occur in a manner analogous to that done for
polyphosphazenes. The physical behavior of polyphosphazines have been shown to
be dependent upon the nature of the substitution that occurs at the chlorine bond (/7).
The opportunity to do the same with the silicon chlorine bond is clear, which would
produce polycarbosiloxane and polycarbosilane analogs to polyphosphazenes (as
shown in Figure 17). Research efforts are geared toward this goal, with further
utilization of the facile ADMET reaction to produce new materials for tailored
applications.
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Chapter 7

Comparison of Linear, Hyperbranched, and
Dendritic Macromolecules

Craig J. Hawker! and Jean M. J. Fréchet?

1Research Division, IBM Almaden Research Center, 650 Harry Road,
San Jose, CA 95120—6099
’Baker Laboratory, Department of Chemistry, Cornell University,
Ithaca, NY 14853-1301

A comparison of the physical properties of hyperbranched and dendritic
macromolecules with linear polymers and the linear analogs of these 3-
dimensional polymers is presented. It is found that thermal properties,
such as glass transition temperature and degradation, are the same
regardless of the macromolecular architecture but are very sensitive to
the number and nature of chain end functional groups. However, other
properties, such as solubility, melt viscosity, chemical reactivity, intrinsic
viscosity were found to be very dependent on the macromolecular
architecture.

One of the driving forces in the study of highly branched macromolecules
has been the belief that these materials will have fundamentally different, and
perhaps, new properties when compared to traditional linear polymers. This is not
an unrealistic expectation if the structure of these three different classes of materials
are examined. Traditional linear polymers are characterized by a random coil
structure with only two chain ends. The contributions from these chain ends are
therefore negligible at high molecular weights and the physical properties are
dominated by chain entanglements and the presence, or absence, of functionalities
attached to the polymer backbone. In contrast both dendrimers and hyperbranched
macromolecules would be expected to adopt a globular structure, both in solution
and in the solid state, which would be different to the random coil structure of linear
polymers. The influence of chain entanglements and the exact nature of
intermolecular interactions in such systems is therefore in question and may in fact
be minor factors in determining the physical properties of these materials. Unlike
linear polymers, a fundamental feature of hyperbranched macromolecules and
dendrimers is the presence of a large number of chain ends. In both systems the
number of chain ends is equal to the degree of polymerization plus one (for AB,
monomers) (/) and it is these chain ends which would be expected to play a major

0097—6156/96/0624—0132$12.00/0
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role in determining the physical properties of hyperbranched macromolecules and
dendrimers. In this manuscript we would like to discuss some of the experimental
work which has focused on comparing and evaluating the physical properties of
dendritic and hyperbranched macromolecules with respect to the well known
properties of traditional linear polymers.

Experimental

The synthesis of dendritic and hyperbranched polyesters based on 3,5-
dihydroxybenzoic acid have been reported.(2, 3)

3-Hydroxy-5-(t-butyldimethylsilyloxy)benzoic acid, 1

To a solution of 3,5-dihydroxybenzoic acid, 2, (5.00 g, 32.0 mmol) in dry
dimethylformamide (50 ml) was added t-butyldimethylsilyl chloride (9.63 g, 64.0
mmol) and imidazole (6.00 g, 90.0 mmol). The mixture was then heated at 60°C for
12 h, cooled, and evaporated to dryness. The crude silyl ester was redissolved in
tetrahydrofuran (50 ml), glacial acetic acid (100 ml) was added followed by water
(50 ml). The reaction mixture was then stirred at room temperature for 4 h and
poured into water (500 ml). The product was extracted with ether (4 x 75 ml) and
the combined extracts were washed with water (2 x 150 ml), dried, and evaporated
to dryness. The crude product was purified by flash chromatography (dry loading
recommended) eluting with 1:9 ether-dichloromethane gradually increasing to 3:7
ether-dichloromethane to give the desired acid, 1, as a white solid (3.89 g, 45%).
Ir. (cm!) 3600-2500, 2050, 1690, 1600 and 1010; !H n.m.r. (dg-acetone) (ppm)
0.21 (s, 6H, OSi(CHj),), 0.96 (s, 9H, C(CH;)3), 6.62 (t, 1H, J = 3 Hz, ArH), 7.06
(dd, 1H, J = 3 Hz, ArH) and 7.19 (dd, 1H, J = 3 Hz, ArH), 13C n.m.r. (d¢-acetone)
(ppm) -4.71, 18.28, 25.56, 110.44, 112.38, 113.02, 132.64, 157.11, 158.79 and
167.82.

Poly[3-oxy-5-(t-butyldimethylsilyloxy)benzoate], 3

To a solution of 3-hydroxy-5-(t-butyldimethylsilyloxy)benzoic acid, 2, (1.50 g,
5.60 mmol) in dry dichloromethane (30 ml) was added DPTS (1.97 g, 6.70 mmol)
and the mixture was stirred at room temperature under nitrogen for 15 minutes.
DCC (1.40 g, 6.70 mmol) was then added and stirring was continued for 24 hours.
The resulting precipitate was then removed by filtration and the filtrate and washings
were evaporated to dryness. The crude product was purified by precipitation (twice)
into 1:1 water-methanol (600 ml) and dried to give the polyester, 3, as a white
powder (1.15 g, 82 %). Ir. (cm!) 2050, 1720, 1600, 1340, 1190, 1160 and 1010;
IH n.m.r. (CDCl3) (ppm) 0.26 (s, 6H, 0Si(CHj3),); 1.06 (s, 9H, C(CHj3)3), 6.98 (t,
1H, J = 3 Hz, ArH), 7.54 (m, 1H, J = 3 Hz, ArH) and 7.65 (m, 1H, J = 3 Hz, ArH),
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13C nmr. (CDCl;) (ppm) -4.23, 18.16, 25.57, 116.49, 119.42, 130.98, 151.55,
156.78 and 163.84.

Poly[3-o0xy-S-hydroxybenzoate], 4

To a solution of poly[3-hydroxy-5-(t-butyldimethylsilyloxy)benzoate], 3, (750 mg,
3.00 mmol equiv.) in dry tetrahydrofuran (30 ml) and acetone (10 ml) was added
aqueous HCI (1N, 5.0 ml) dropwise and the reaction mixture was stirred at 50°C for
24 h. The solution was then evaporated to dryness and the residue was redissolved
in tetrahydrofuran (5 ml) and precipitated into dichloromethane (400 ml). The
product was purified by precipitation (twice) into dichloromethane (600 ml) and
dried to give the polyester, 4, as a white powder (0.37 g, 91 %). Ir. (cm"1) 3600-
2900, 1710, 1600, 1350, 1250 and 1170; !H n.m.r. (dg-acetone) (ppm) 7.16 (br t,
1H, ArH) and 7.59 (m, 2H, ArH), 13C n.m.r. (dg-acetone) (ppm) 114.66, 114.98,
115.19, 131.90, 152.71, 159.22 and 164.33.

Results and Discussion

The first deliberate synthesis of a hyperbranched macromolecule was the
preparation of a bromo-terminated hyperbranched polyphenylene, 5, by the one-step
polymerization of 3,5-dibromophenylboronic acid (Scheme 1). (4,5) An examination
of the physical properties of 5 and its derivatives revealed that these materials
possessed dramatically enhanced solubility when compared to their linear analog,
poly(p-phenylene), which is essentially insoluble at molecular weights less than
1,000. Depending on the functionality at the numerous chain ends the
hyperbranched polyphenylenes were soluble in wide variety of solvents at molecular
weights in excess of 30,000. Significantly Kim and Webster were able to prepare a
carboxylate-terminated hyperbranched polyphenylene which was soluble in water
and able to act as an unimolecular micelle. Subsequently, Miller and Neenan (6)
prepared the dendritic analog, 6, of the hyperbranched polyphenylene, 5, by a step-
wise convergent growth approach (Figure 1). In this case the essentially
monodisperse and perfectly branched dendrimers contained hydrogen end-groups
which allows the contributions from the numerous bromine end-groups present in
the hyperbranched macromolecules of Kim and Webster to be taken into account
when making comparisons with poly(p-phenylene). Even with hydrogen end groups
the solubility of 6 was significantly increased when compared to poly(p-phenylene),
the magnitude of this increase was judged by Miller and Neenan to be roughly 105.
While the comparison with linear poly(p-phenylene) is not strictly correct since it
does not take into account the meta-linkages present in the dendritic or
hyperbranched cases, it does strongly suggest that the highly branched, three
dimensional structure of dendrimers and hyperbranched macromolecules gives rise to
significantly increased solubility when compared to their linear analogs.

A more detailed study involved the synthesis of linear, hyperbranched, and
dendritic macromolecules based on exactly the same monomer units or building
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Figure 1: Hydrogen terminated dendritic poly(phenylene), 6.
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blocks. (7) In this case the repeat unit was chosen to be 3,5-dihydroxybenzoic acid
which would give macromolecules with the same number of phenolic functionalities
and the same all meta linkages between repeat units. In fact the macromolecules can
be considered to be structural isomers which differ only in the number of branch
units. A comparison of the physical properties of these materials would therefore
allow the effect of architecture alone on the physical properties of polymeric
materials to be evaluated. The opportunity also exists to compare these materials
with normal linear polymers in order to probe the contributions from the numerous
chain end groups present in hyperbranched and dendritic macromolecules.

Previously, (3) we have reported the thermal polymerization of 3,5-
bis(trimethylsilyloxy)benzoyl chloride, 7, which, after hydrolysis, gives the phenolic
terminated hyperbranched polyester, 8 (Scheme 2). The degree of branching of 8
was determined to be approximately 60% by a combination of 1H and 13C nmr
spectroscopy and signifies a branch point at essentially every second monomer unit.
The synthesis of the dendrimers based on 3,5-dihydoxybenzoic acid employed the
convergent growth approach and the trichloroethyl ester of 3,5-dihydoxybenzoic
acid, 9, as the monomer unit. (2) Starting from 3,5-bis(benzyloxy)benzoic acid, 10,
and using a two-step procedure involving esterification (DCC/DPTS) followed by
deprotection (Zn/HOACc) a series of benzyl ether terminated polyester dendrimers,
11, were prepared as shown in Scheme 3. Hydrogenation of 11 with Pd/C resulted
in deprotection of the benzyl ether groups to give the desired phenolic terminated
dendritic polyester, 12 (Scheme 4). Comparison of the structures of 8 and 12
reveals that they differ only in the degree of branching, 60% for 8 and 100% for 12.
The repeat units and the number, but not position, of the chain ends are the same for
both structures.

While earlier work had compared hyperbranched and dendritic macromolecules
with "normal" linear polymers, such a comparison does not take into account the
numerous chain ends present in either the hyperbranched or dendritic cases.
Therefore the correct analog of the dendritic and hyperbranched polyesters, 8 and
12, is not poly(4-oxybenzoate) or poly(3-oxybenzoate), 13, but poly[3-oxy-5-
hydroxybenzoate], 4, which contains the same number of phenolic groups as the
dendrimer, 12, of comparable molecular weight. The synthesis of 4 is however
complicated by the presence of reactive phenolic groups at every repeat unit and a
direct synthesis from 3,5-dihydroxy benzoic, 2, acid is not possible since a
hyperbranched structure will result. A protection-deprotection strategy was
therefore developed for the synthesis of 4. Starting from 3,5-dihydroxybenzoic acid,
2, reaction with two equivalents of t-butyldimethylsilyl chloride followed by
hydrolysis of the resulting silyl ester group gives the mono-silylated derivative, 1, as
the major product. Having protected one of the two phenolic groups,
polymerization of 1 with DCC and DPTS then leads to a linear polymer, 3, which
contains no branch points and has a t-butyldimethylsiloxy group at every repeat unit.
Deprotection of 3 with fluoride ion then gives the desired linear polyester, 4, which
is based on the same repeat unit and contains the same number of phenolic groups as
8 or 12 but has no branch points (Scheme 5). As detailed above the dendritic,
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hyperbranched and linear polyesters actually constitute a form of macromolecular
isomerism differing only in their degree of branching.

A comparison of the physical properties of the linear, 4, hyperbranched, 8, and
dendritic, 12, polyesters with themselves, and with "normal" linear polyesters such as
poly(3-oxybenzoate) 13, allows the influence of the architecture, or degree of
branching, and the number and position of the chain ends to be investigated. The
thermal properties of the three different polyester architectures were essentially the
same, when the chain ends are phenolic the glass transition temperature of the
dendrimer, 12, is 201°C, while the hyperbranched material, 8, has a Tg of 197°C and
the linear polymer, 4, a Tg of 204°C. Thermal degradation of all three phenolic
terminated polyester arcmtectures is essentially the same within experimental error.
After a 30 minute isotherm at 250°C, no decomposition is observed up to 400°C
with a 10% weight loss occurring at 440°C; rapid weight loss was then observed
with 50% remaining at 575°C. Interestingly, derivatization of the chain ends resulted
in significant, but similar changes in the thermal properties for each architecture. For
example, the benzyl ether terminated dendritic polyester, 11, has a glass transition
temperature of 73°C while the corresponding value for the linear polyester with
benzyl ether substituents is 78°C. From these results it can be concluded that
thermal properties, such as T, and decomposition temperature, are independent of
the architecture or shape of ghe macromolecule but are heavily influenced by the
nature of the chain ends. It should be noted that the linear analog, poly(3-
oxybenzoate), which does not contain any phenolic functionalities has significantly
different thermal properties when compared to the phenolic terminated polyesters.

In an effort to relate the increased solubility of hyperbranched and dendritic
macromolecules with changes in macromolecular architecture and/or the number of
chain ends the solubility behavior of the above "isomeric" polyesters, 4, 8, 12 was
investigated. The hyperbranched macromolecules and dendrimers proved to be
highly soluble in solvents that are capable of solvating the numerous chain ends.
Significantly, in all cases the dendrimers proved to be more soluble that their
hyperbranched analogs and both were significantly more soluble that the linear
materials. The linear polymers were also found to be soluble in a reduced number of
solvents when compared to their hyperbranched and dendritic analogs. For example,
the phenolic terminated dendrimer, 12, had a solubility in acetone of 1.05 g ml-l
while the hyperbranched derivative, 8, had a solubility of 0.70 g ml-l and the
solubility of the linear polymer, 4, decreased to less than 0.02 g ml-l. When all of
these results are compared with the linear polyester, poly(3-oxybenzoate) 13, which
does not contain any "end" groups the difference becomes even more dramatic since
poly(3-oxybenzoate) in insoluble in most solvents including acetone. From these
results it can be concluded that the high solubility of dendrimers and hyperbranched
macromolecules is a result of their highly branched architectures as well as the large
number of chain ends functional groups.

The three different polymer architectures also showed different behavior in process
involving intcraction with a solid surface. For example the reactivity of benzyl ether
terminated dendrimers was greater than that of benzyl ether terminated
hyperbranched macromolecules, which in turn was more reactive than the linear

In Step-Growth Polymers for High-Performance Materials, Hedrick, J., et a .;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Publication Date: May 5, 1996 | doi: 10.1021/bk-1996-0624.ch007

Downloaded by STANFORD UNIV GREEN LIBR on October 14, 2012 | http://pubs.acs.org

142 STEP-GROWTH POLYMERS FOR HIGH-PERFORMANCE MATERIALS

polymer having benzyl ether side groups which was essentially unreactive. The
reasons for these dramatic reactivity differences is not known at the present point in
time but may be due to greater accessibility of the chain ends in dendrimers
compared to hyperbranched compared to linear polymers, or the greater solubility of
dendrimers, or it may be due to a size exclusion phenomena. In the latter scenario it
is well known that dendrimers have a smaller hydrodynamic volume than
hyperbranched and linear polymers of the same molecular weight.

One fundamentally important area in which dendritic macromolecules have been
shown to differ from linear polymers is in their viscosity behavior. For intrinsic
viscosity, it is well known that as the molecular weight of linear polymers increases
their viscosity increases according to the Mark-Houwink-Sakurada equation; [n] =
KM32. However dendritic macromolecules do not obey this relationship once a
threshold molecular weight is exceeded. For regular polyether dendrimers it has
been shown (8) that a plot of log[n] vs. log(molecular weight) gives a bell shaped
curve with a maximum below 5,000 a.m.u. instead of the fast rising curve expected
for a classical linear polymer. This unique behavior is explained by the difference in
shape between dendrimers and linear polymers. While the random coil structure of
linear polymers gives the classical MHS relationship the globular, almost spherical
structure of dendrimers leads to the bell shaped curve shown in Figure 2. The
rational for this is that the volume of a spherical macromolecule, such as a
dendrimer, increases cubically (V = 4/3nr3) while its mass doubles at each
generation and therefore increases exponentially ( Mw ~ 2(G-D),

A recent study of the melt viscosity behavior of dendrimers has also shown
behavior that differs markedly from linear polymers. (9) As shown in Figure 3 the
normal behavior observed for linear polymers is a straight line with a slope of ca. 1.0
up to a critical molecular weight, M, after which a dramatic increase in the viscosity
is observed and the slope increases to ca. 3.3. For a series of polyether dendrimers a
plot of log(melt viscosity) vs. molecular weight is a straight line with a slope of
approximately 1.1 up to molecular weights of 100,000 a.m.u. with no critical, or
entanglement, molecular weight, M, being observed. Again this result is explained
by the different macromolecular structures expected for linear and dendritic
macromolecules. For linear polymers the random coil chains can entangle and the
onset of these entanglements leads to the dramatic increase in viscosity observed at
M.. In contrast, the globular and highly branched architecture of dendrimers
effectively prevents entanglements at all molecular weights, therefore the individual
molecules do not entangle and therefore no dramatic increase in melt viscosity is
observed.

A number of conclusion can be drawn from the above studies. Firstly some
physical properties such as glass transition temperature and thermal degradation are
independent of macromolecular architecture but are dependent on the nature of the
chain ends. Other physical properties such as solubility, chemical reactivity,
viscosity, etc. are dependent on macromolecular architecture and definite differences
are observed between linear, hyperbranched and dendritic macromolecules based on
the same building block.
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Figure 2: Plot of log(intrinsic viscosity) versus log (molecular weight) for linear (A),

hyperbranched (B), and dendritic (C) macromolecules.
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Figure 3: Plot of log(melt viscosity) versus log (molecular weight) for linear and

dendritic macromolecules.
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Chapter 8

Dendritic Structures with Polyfunctional
Cores

A.-Dieter Schliiter, Wilhelm Claussen, Birol Karakaya, and W. Lamer

Institut fiir Organische Chemie, Freie Universitiit Berlin, Takustrasse 3,
D-14195 Berlin, Germany

The synthesis of hydroxy functionalized poly(para-phenylene)s and
their grafting with Fréchet-type dendritic fragments of the first two
generations are described.

This article describes an approach to hybridize two recently developed, very successful
concepts of macromolecular chemistry, the rod-like polymers and the dendrimers. The
idea behind this hybridization is to make dendritic structures available with non-
spherical, but still defined and predictable shapes in solution. In dendrimer synthesis
large dendritic structures are built from small cores with a few functional groups. This
can be done by employing either a divergent or a convergent strategy (/). In
convergent strategy pre-formed dendritic fragments are reacted with the core's
functional groups until complete coverage is reached (2). If dendritic fragments
(dendrons) could be attached to rod-like polymers with functional groups in the
periphery instead of to small, "dot-like" core molecules, a new kind of macromolecule
could be formed. The molecular architecture of this macromolecule would then. be
characterized by a rigid backbone which is wrapped about by wedges that increasingly
branch as they go from the inner to the outer regions. Depending upon the backbone
stiffness, the degree of coverage, and the fragment size, the envelope of these
macromolecules would no longer be a sphere, as is postulated for the dendrimers
known today, but a cylinder.

Synthesis of Rigid Backbones with Hydroxy Anchor Groups

General Remarks. The two kinds of polymeric cores used in this project,
poly([1.1.1]propellane)s and the poly(para-phenylene)s (3,4), differ in their mode of
synthesis, the availability of model compounds, and the lengths of backbones, as well
as many other aspects (5,6). They complement each other very well and their
investigation should result in a conclusive picture of the whole matter. Since the
general theme of the present volume is step-growth polymerization, the PPP
derivatives, 1a and 2a, which are synthesized by Suzuki polycondensation (4), play an
important role here. Why not use a flexible polymeric core, which, in principle, should
be feasible and has been attempted (7)? Dendrimerization with a rod-like backbone
instead of a flexible one seems to have two advantages, which may lead to the
achievement of a high degree of coverage with dendritic fragments. The first
advantage has to do with the approachability of functional groups. Since flexible
polymers form random coils, many of the functional groups are "buried" in the inner
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part and are not so exposed to chemical modification as those on rod-like polymers.
The second advantage is related to entropy. If flexible polymers are grafted with bulky
substituents, the backbone conformation transforms from a random coil to a stretched,
more or less linear one (8). This is costly in entropy and, therefore, contraproductive to
the achievement of a high degree of coverage.

87A
OH OH
la CeHiz CeHis

(O~ KO~k

H;C H;3C¢ H;C H3Cq

' 13.0A _
2a o1 CeHis o1 CeHis
Q (KOO,
i Hy3Cq HO H;3Cé

Both PPPs used in our study carry hydroxy functions, a feature which was deliberately
designed in order to be able to attach Fréchet-type dendrons with benzylic bromide
functions in the focal point (2). Not only are these dendrons, specifically those of
lower generations, easy to make, but the coupling chemistry (Williamson ether
synthesis) is also well understood. Together with the different anchor group density in
polymers 1a and 2a these features were considered important prerequisites for the
realization of a complete polymer analogous derivatization (dendrimerization), which
is notoriously difficult to achieve.

Monomer synthesis. Suzuki polycondensation is highly compatible towards
functional groups (4). Important exceptions here are the hydroxy and the amine
functions. The AA-type monomers 3 and 4, which contain hydroxy functions, were
therefore synthesized with a methoxymethyl (MOM) protective group which can be
cleaved off under acidic conditions (9). The syntheses involve standard procedures and
these compounds are available as analytically pure materials on the 25 g and 5 g scale,
respectively. The known synthesis of BB-type monomer 5 was easily carried out on
the 10 g scale (10).

Monomer 5 deserves some comment, because there occasionally seems to be
some "confusion" whether it has been obtained in polycondensation grade purity. The
reason for this confusion is the appearance of the !H NMR spectra of 5§ which differ
quite markedly depending upon the history of the sample. There is a subtle balance
between the water content of 5 and the formation of self-condensation products of the
boronic acid function, which gives, for example, boroxines (11). With the increasing
degree to which monomer 5 is dried, new signals become apparent in the spectrum.
Figure 1 shows the low field regions of the NMR-spectra of one and the same
preparation of 5 but at four different drying stages. The water content increases from
spectrum a to d. Spectrum c is easiest to understand. It shows singlets for the aromatic
protons at § = 7.10 and the acid protons at 5 = 7.75. The signal of water contained in
this sample at & = 3.45 is not shown. With increasing water content (spectrum d)
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exchange between the protons of water and of 5 is observed. The signals for the
boronic acid and water merge to a broad signal at § = 5.1 ppm. If one goes in the
opposite direction, thus if the sample is dried more rigorously, small signals at § = 7.2
and & = 7.6 - 7.7 grow into the spectra. These signals do not reflect what one typically
calls an impurity but are caused instead by the aromatic protons of condensed boronic
acids. The remaining proton signal of the boronic acid functions appears with reduced
intensity and higher line width, the latter indicating perhaps higher correlation times
because of the increased size of the condensate.

OR
OR
Br—d—m BBr (HO),B B(OH),
H,C
RO

3 4 5

H*

a) b) c) d
(HO),B{_)-B(OH),

* * % *

H i 'H ' H H 5

80 70 80 70 80 7.0 70 60 50 4.0
ppm

Figure 1. Low field regions of !H NMR spectra of 5 with increasing water
content (a - d). The spectra were recorded in dg-DMSO at room temperature.

If signals of boroxines and related structures appear in the spectrum of §, a
reliable determination of the actual content of 5 is difficult. Therefore it is
recommended to hydrolize the condensates in the mixture with acid until a situation
like in spectrum c (or d) is achieved. Simple integration provides the desired value,
which then can be used to match the stoichiometric balance required for the step-
growth polymerization.

Polycondensation and deprotection. The polycondensations of dibromides 3b and
4b with diboronic acid § were done according to standard procedures using 1.0 mol-%
of palladium tetrakis(triphenylphosphin) as catalyst precursor (10) (Figure 2).
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Polymers 1b and 2b were obtained as colorless materials in yields exceeding 95%.
Size exclusion chromatography in THF versus polystyrene standard gave the
following molecular weight values which are representative for unfractionated
samples. 1b: Mn = 9,700 (Pn = 22), Mw = 15,500 (Pw = 35), D = 1.6; 2b: Mn =
12,000 (Pn = 22), Mw = 20,000 (Pw = 36), D = 1.7. The polymers were characterized
further by 'H- and 13C NMR spectroscopy and elemental analysis. All data are in
agreement with the proposed structures. (For a recent discussion of possible side
reactions of the Suzuki cross-coupling see reference 12.)

OR

b+ 5 ﬂ- QO

H,C

OR

ors B OO Ch

RO

H
MOM

H
b: R=MOM

1:

j HBr/DME

Te

R
R
2 R

8

"] H,50/MeOH

Figure 2. Synthesis of polymers 1b and 3b, and their deprotection to 1a and 2a.

The conditions for the deprotection had to be individually developed for each
polymer. Best results were obtained for 1b with hydrogen bromide in
dimethoxyethane (DME) and for 2b with sulfuric acid in methanol. As expected,
relatively high dilution conditions are required to bring about complete deprotection.
For example, when 1b was used in less than roughly 0.01 molar DME solutions, the
MOM group was completely removed. If, however, the same reaction was done in a
0.1 molar solution, deprotection could not be driven beyond approximately 90%, not
even with extended reaction time. Figure 3 compares the 1H NMR spectra of 1b and
its deprotected analogue 1a to demonstrate the degree of deprotection achieved. As
can be seen, the MOM signals in 1a have virtually disappeared. As a result of the
removal of the MOM group there is a change in the line shape of the CHy-CH>-O
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group signal at § = 3.7 ppm which is presumably due to atropic isomerism, a typical
phenomenon for substituted oligo- and polyphenylenes (13).

5.0 45 4.0 3.5 3.0
ppm

Figure 3. Identical sections of the ! H NMR spectra of protected polymer 1b (top)
and deprotected polymer 1a (bottom). The signals of the MOM protective group
atd = 3.25 and & = 4.5 ppm (top) have virtually disappeared in the bottom
spectrum indicating a complete deprotection. The signal at approx. § = 3.7 ppm
(top) undergoes a change in line shape and shift (bottom), which is presumably
due to atropic isomerism.

On the Dendrimerization of PPPs

The first dendrimerization experiments were done with polymer 2a and Fréchet-type
dendrons of the first and second generation, (G-1)Br and (G-2)Br (2). According to
the Williamson procedure ether syntheses are done by deprotonating alcohol to
alkoxide and by using the latter more powerful nucleophile in the following
displacement reaction. This very successful protocol in low molecular weight
chemistry cannot be automatically transferred to the polyalcohols 1a and 2a.
Attempted complete deprotonation of 2a resulted in the precipitation of the
corresponding polyalkoxide even in the presence of highly polar, aprotic solvents like
dimethylformamide (DMF). The precipitated deprotonated 2a did not react with the
dendrons to any significant extent even under relatively harsh reaction conditions. The
dendrimerized alkoxides, which are certainly formed at the surface of the precipitate,
unfortunately did not "pull" the backbones into solution so that further
dendrimerization could occur. To circumvent this problem, a solution of polymer 2a
and the respective dendron in DMF/toluene (1:1) was treated with the
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stoichiometrically required amount of the base sodium hydride in very small portions
during the course of several hours (Figure 4).

OH
QOO =
HO
NaH
(G-1)Br (G-2)Br

o-°F PO
5 &

2(G-1) 2(G-2)

Figure 4. Dendrimerization of polymer 2a with Fréchet type dendrons of
generation 1 and 2. Whereas 2(G-1) is covered completely, 2(G-2) has approx.
40% free hydroxy functions.

The polymer stayed in solution because only a few hydroxy functions were
deprotonated and immediately dendrimerized by the dendrons simultaneously present.
This procedure was repeated until all hydroxy functions were thought to be covered.
After the reaction was finished, excess dendrons were removed by repeated
precipitation/dissolution cycles, which turned out to be quite a tedious procedure,
specifically for the second generation dendrons.
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What is the maximum achievable coverage? For the first generation dendron it
was higher than 95% by 'H and 13C NMR, but could not be driven beyond 50-60% for
the second one. The determination of this value rests upon !H NMR integration, which
is subject to some uncertainty, because of the considerable line widths in the spectra.
This result was considered quite disappointing, specifically in regard to the goal to
completely attach even larger than second generation dendrons to the rigid backbones.
The question was then whether this was due to the specific coupling reaction used or
to an unfavorable relation between the space demand of the wedge and the space
available for it at the backbone.

The Dimensions of a Fréchet-type (G-2) Wedge from a Single Crystal X-ray
Study and its Implication on the Maximum Coverage. The average distances
between the hydroxy functional groups of a number of rigid rod polymers were
previously calculated to lie between 3.3 and 8.7 A (/4) For polymer 1a this distance is
8.7 A. Polymer 2a has two hydroxy groups every 13.0 A. Due to the few
conformational constraints that the repeating units have in regard to rotation, wedges
in the side chain should be able to occupy the entire space around the backbone. To
determine the minimum amount of space required for a wedge, single crystals of (G-2)
ester 6 were grown, for which the crystal structure was solved. (Saenger, W.; GeBler,
K. unpublished.) The ORTEP plot (Figure 5a) shows that 6 has a remarkably flat
structure with significant deviations from planarity only at two terminal benzene
rings. The wedge fits into a 45% slice of a cylinder with a height of 4.0 A (half of the
a-axis of the unit cell) and a radius of approx. 14 A (Figure 5b). Disregarding
solvent/wedge interactions and assuming a strictly linear chain, the space demand of a
G-2 wedge should therefore pose no problems even where the anchor groups have the
minimum distance of 3.3 A (Figure 5c). As a result of this, we are inclined to believe
that the kind of coupling reaction used here is responsible for the limitation of the
achievable coverage. There does not seem to be a spatial restriction even for the
attachment of (G-3) fragments to most of the backbones, certainly not for polymer 1a
where the anchor groups are separated from one another by 8.7 A.

R poo
o I

H3CO'QO

Modified Attachment Chemistry. Two modifications were introduced to broaden
the scope of the coupling reactions and to make the flexibility of coupling conditions
as great as possible: (a) Wedges with isocyanate groups at the focal point like 7d
(Figure 6), were prepared (/4) and anchored to the hydroxylated polymers 1a and 2a
and (b) the PPP derivative 10b was synthesized with iodomethyl side chains (Figure
7). The use of which reverses the nucleophilic and electrophilic centers in Williamson
synthesis. Dendrons with hydroxy groups in the focal point can be advantageously
used in the dendrimerization reaction, since their deprotonation should be far less
critical than for hydroxylated polymers. Additionally, because the leaving group
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(iodide) is benzylic, the displacement reaction should proceed with high conversion
and without competitive elimination.

The attachment of 7d to polymer 1a to furnish the new polymer 8 was tested.
Initial experiments show that the coverage can be driven to approximately 80% which
is much further than in the case of polymer 2(G-2). Considering the fact that the
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Figure 5. (a) Two perspectives of the crystal structure of 1 (ORTEP), (b)
illustration of the space demand of 1, and (c) oblique and sectional view of the
cylindrical slices available for wedges in the case of a polymer with the shortest
distance between two anchor groups (3.3 A). The space demand of a G-2 wedge is
indicated in grey.
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dendron was used stoichiometrically and not in excess in these experiments, the final
coverage has certainly not been reached yet and a 100% coverage seems to be within
reach. The alternative route using polymer 10b as a precursor for 11 also looks
promising. With (G-2)OH a coverage of 90% has already been realized in the initial
experiments (Karakaya, B; Claussen, W.; Klopsch, R: Schliiter, A.-D., to be

published).
T g
0l B
OQO

7
a X =00 H
CICO,Et
b: X =C(0)OC(0)OEt % NaNz
¢ X = CO)N, = a 3
d: X =N=C-0
e X =CH;OH

Figure 6. Synthesis of the second generation dendritic wedges, 7d, with an
isocyanate function at the focal point (top) and its reaction with polymer 1a to
furnish the dendrimerized polymer 8 (bottom).
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H,C0 X
S+ s B 1/ 7
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H3C H3C
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0 + 7 — QO

1

Figure 7. Synthesis of the PPP derivative 10b with iodomethyl side chains (top)
and its dendrimerization with Fréchet-type dendrons of the second generation, 7e,
to give the corresponding polymer 11 (bottom).

Outlook

Despite the preliminary nature of the experiments described just now, it becomes clear
that the key to the successful synthesis of dendritic "macrocylinders" lies in the kind of
attachment chemistry applied. The achievement of a 100% coverage with a second
generation dendron is only a question of time and the first experiments with wedges of
higher generation are already underway. Once the synthesis of rigid rod polymers with
higher generation dendrons has been accomplished, it will be of prime importance to
actually prove experimentally that these hybrids attain the shape of a cylinder in
solution. Besides their beauty, such macrocylinders may find application, for example,
in the area of vesicles and membranes, specifically when they can be made with a
hydrophobic surface in one part and a hydrophilic in the other. There is, however,
considerable synthetic and analytical mileage to go before getting close to such goals.
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Chapter 9

Syntheses of Telechelic, Star-Shaped, and
Hyperbranched Aromatic Polyesters

Hans R. Kricheldorf, Olaf Stober, Gerd Lohden, Thomas Stuckenbrock,
and Dierk Liibbers

Institut fiir Technische und Makromolekulare Chemie, Universitit
Hamburg, Bundesstrasse 45, D—20146 Hamburg, Germany

The Syntheses of numerous telechelic, star-shaped and hyper-
branched polyesters were studied on the basis of two difunc-
tional monomers namely B-(4'-hydroxyphenyl)propionic acid
(Phla) and 3-hydroxybenzoic acid (3-Hybe). Telechelic oli-
gomers with two different or two identical endgroups were ob-
tained by cocondensation with chain stoppers such as 4-tert.-bu-
tylbenzoic acid or bisphenol-P. Most oligoesters of Phla were
highly crystalline and difficult to dissolve. Soluble star-shaped
oligoesters were isolated from cocondensations of tetrahydrox-
yspirobisindane. Hyperbranched copolyesters with a variable de-
gree of branching were prepared by copolycondensation of
acetylated 3-Hybe and 3,5-dihydroxybenzoic acid or 5-hydroxy-
isophthalic acid. In addition to monomers with free carboxyl
group monomer with silylated carbonxyl groups were used. The
silylation avoids the presence of acidic protons, and thus, re-
duces the risk of side reactions resulting in crosslinks. The prop-
erties of copolyesters were studied with regard to the degree of
branching. Furthermore, a novel "one-pot procedure" was de-
velopped which allows a facile synthesis of hyperbranched co-
poly(ester-amide)s from combinations of 3-Hybe and 3,5-diami-
nobenzoic acid or 3,5-dihydroxybenzoic acid and 3-aminoben-
zoic acid. Also these copolyesteramides are completely amor-
phous. Star-shaped and hyperbranched copolyesters and co-
poly(ester-amide)s were obtained by copolycondensation of tri-
functional monomers and small amounts of difunctional or tetra-
functional (ap-type) star-centers. The 1H- and 13C NMR spectra
of all polyesters are discussed.
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Regardless of details of the chemical structure it makes sense to subdivide
monomers useful for step-growth polymerizations into two large groups:

1) a-b-type monomers containing two different functional groups (a,b) and
2) a-a/b-b-type monomers, each of which contains two identical functional
groups.
Although, text books usually do not differentiate between both groups (1-9),
the synthetic potential of the "a-b monomers" is by far higher than that of
the "a-a/b-b monomers" as illustrated in the scheme of Figure 1. Polycon-
densations and polyadditions of "a-a/b-b monomers" normally yield mix-
tures of oligomers or polymers with three different combinations of end-
groups. Telechelic materials with uniform endgroups are difficult to pre-
pare. In contrast, a clean polycondensation of polyaddition of "a-b mono-
mers" automatically yield telechelic oligomers and polymers with two dif-
ferent functional endgroups. Cocondensation with a small amount of an "a-a
monomer" yields telechelics having two "a-endgroups", whereas coconden-
sation with a "b-b monomer" yield exclusively "b-terminated" telechelics.
Copolycondensations of "a-b monomers" with "a; monomers" may result in
the formation of stars-haped polymers containing n-stararms. Copolycon-
densations of "a-b" and "ay-b monomers" finally results in the formation of
more or less hyperbranched polycondensates. In contrast, "a-a/b-b mono-
mers" will automatically produce crosslinked materials, when polycon-
densed in the presence of any kind of multifunctional comonomers.

It was,and still is, a purpose of our work to illustrate the synthetic potential
of "a-b monomers" in the field of aromatic polyethers, polyesters and
polyamides (concentrating on polyesters in the present contribution). The
preparation of star-shaped and hyperbranched polycondensates is plagued
by side-reactions resulting in crosslinks, and thus, clean step-growth proc-
esses are a basic requirement for a successful synthesis. In this connection
the potential of silicon mediated polycondensations should be explored, be-
cause polycondensations of silylated monomers may be a cleaner process
than that of the corresponding nonsilylated (protonated) monomers, for in-
stance, because proton catalyzed side reactions, such as the Fries-rear-
rangement, are avoided.

Telechelic Oligoesters

The syntheses of telechelic, star-shaped or hyperbranched oligo- and poly-
esters reported in this work are based on two "a-b monomers": 3-hydroxy-
benzoic acid (3-Hybe) and 3-(4"-hydroxyphenyl)propionic acid (phloretic
acid, Phla). These monomers were selected for the following reasons. Poly-
esters of 3-Hybe melt below 200°C, and they are soluble in various organic
solvents (10). Polycondensations of 2-Hydroxybenzoic acid derivatives
show a high tendency to yield cyclic oligomers and substituted and unsub-
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stituted 4-hydroxybenzoic acids, 6-hydroxynaphthalene-2-carboxylic acid
or 4-'-hydroxybiphenyl-4-carboxylic acid yield oligo- and polyesters which
are infusible and insoluble in all common solvents. Also poly(Phla) is
highly crystalline and insoluble in common solvents, but the oligoesters
may be soluble and meltable, depending on their endgroups and comono-
mers. Despite problems with the solubility of poly(Phla), homo- and co-
polyesters of Phla are interesting materials for the following reasons. Ester
groups of Phla are more electrophilic, and thus, more sensitive to hydrolysis
than ester groups of hydroxybenzoic acids. Hence polyesters containing
Phla may be considered to be biodegradable, in as much, as Phla itself be-
longs to the metabolism of several plants and micro organisms, and thus, is
a biocompatible degradation product. Furthermore, copolyesters containing
4-hydroxy acid may form liquid-crystalline (nematic) melts (11).

The polycondensation of Phla requires its acetylation. In contrast to fully
aromatic hydroxy acids, the acetylation of Phla is affected by acid catalyzed
oligomerization, which renders the isolation of the pure monomer more
cumbersome. Silylation of the crude reaction mixture allows an efficient
purification and isolation of the silylated monomer (1) by distillation in
vacuum (eqs. 1,2). Furthermore, the trimethylsilyl ester can be used as
monomer without saponification. As revealed quite recently (12,13) the
silyl ester group is the only ester group which undergoes polycondensation
with acetylated phenols even in the absence of transesterification catalysts.

A first series of polycondensations were conducted in such a way that 4-
tert.-butylbenzoic acid was added as a "chain-stopper” in various molar ra-
tios (Table 1). These polycondensations were conducted in bulk at a maxi-
mum reaction temperature of 270°C, because preliminary studies had evi-
denced, that higher temperatures might cause side reactions with cross-
linking. The 13C NMR CP/MAS spectrum of sample No. 1, Table 1 indi-
cated the successful incorporation of 4-tert.-butylbenzoic acid, and thus, the
formation of telechelics with two different chain ends (eq. 3 and formula 2).
Unfortunately, all oligoesters of this series proved to be insoluble in all
common solvents due to a high degree of crystallinity (compare Figure 5).
Therefore, a more detailed characterization in solution was not feasible. An
analogous series of polycondensations was synthesized with acetylated 4-
tert-butylphenol as chain-stopper (eq. 4 and structure 3). In this case the
polyesters 3 prepared with a monomer/chain-stopper ratio of 10/1 and 20/1
were soluble (Table 1). The IH NMR spectra proved the incorporation of 4-
tert.-butylphenol and allowed the calculation of DP's (Figure 2). The solu-
bility of oligoesters of structure 3 in contrast to those of structure 2 illus-
trates a significant influence of the endgroups on their properties.

In Step-Growth Polymers for High-Performance Materials, Hedrick, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Publication Date: May 5, 1996 | doi: 10.1021/bk-1996-0624.ch009

Downloaded by STANFORD UNIV GREEN LIBR on October 14, 2012 | http://pubs.acs.org

9. KRICHELDORF ET AL.  Star-Shaped and Hyperbranched Polyesters

a—~(X~-Y)=-X-a
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Figure 1: Schematic polycondensations of a-a + b-b monomers.

Table 1: Yields and properties of telechelic polyesters prepared
from 1 and 4-tert.-butylbenzoic acid (2) or 1- and 4-tert.-

butylphenol (3) in bulk at 8 h
Poly- [Mon. (1) Yield [ninh.3) DPY) Ty,®)
ester : ©%) |(dg) |OINMR)| (B
Chain stopper
2 10/1 92 - - 247, 266
2 20/1 93 - - 236, 266
2 40/1 94 - - 248, 267
3 10/1 94 0.10 12 240
3 20/1 93 0.14 23 237, 267
3 40/1 96 - - 244, 267
a) measured at 20°C with ¢ = 2 g/l in CHpCly/trifluoroacetic acid

(volume ratio 4:1)
from 1H NMR endgroup analyses
DSC measurements with a heating rate of 20°C/min (1rst heating)

eg
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Figure 2: 100 MHz !H NMR spectrum of oligo(Phla) terminated
with 4-tert.butylphenol (No 1, Table 1).
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A third series of polycondensations was conducted with acetylated bisphe-
nol-P (4) as a "chain-stopper", to obtain telechelic poly(Phla) with two
identical functional endgroups (5 in eq. 5). Bisphenol-P was selected as a
chain-stopper, because its acetate is not volatile, and because the four
methyl groups allow again an easy IH NMR spectroscopic detection of this
building block in the isolated polyesters (Figure 3). Again both 1H NMR
spectra and inherent viscosities (Table 2) indicate the successful incorpora-
tion of the chain-stopper. In this case soluble oligoesters were obtained up
to a M/I ratio of 80.

Stars-haped Polyesters

All star-shaped polyesters described in this work were prepared in such a
way that a suitable "star-center" was directly polycondensed with the di-
functional monomers. The star-centers were selected, so that they contained
isolated methyl groups which yield sharp singlet signals in the IH NMR
spectra to allow an easy identification and quantification (analogous to
bisphenol-P).

A series of three armed stars (7) was obtained by polycondensation of the
acetylated triphenol 6 with either 3-acetoxybenzoic acid or its trimethylsilyl
ester (eq. 6). When these polycondensations were conducted at the same
maximum reaction temperature (270 °C), it was found that the monomer
with the free carboxyl group yields the higher molecular weights
(viscosities) (Table 3). Since the maximum molecular weights are limited
by the monomer/starcenter ratio, the lower viscosities obtained from the
silylated monomer mean that the conversion was not complete. This con-
clusion was confirmed by the IH NMR spectroscopic detection of a
CO3SiMe3 signal at 0.3 ppm, when the crude reaction mixture was meas-
ured at the end of the reaction time. As already discussed previously the
silylated carboxyl group is less reactive than the free carboxyl group when
polycondensations are conducted at identical reaction conditions. However,
the silylated carboxyl group allows in most cases higher reaction tempera-
tures which compensate its lower reactivity. Anyway, the data compiled in
Table 3 show increasing viscosities with higher M/I ratio, and thus, a suc-
cessful control of the molecular weight by incorporation of the star-center 6.
Furthermore, the IH NMR spectra allowed again the calculation of apparent
DP's. In this case the LH NMR of signal of the CH3 "endgroup" was use-
less, because it was overlapping with the stronger signal of the acetate end-
groups. However, the signal of the aromatic protons of 6 were well sepa-
rated from those of the repeating unit, and thus, allowed an easy calculation
of the DP.

A second series of star-shaped polyesters (10) was prepared by polyconden-
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Figure 3: 100 MHz IH NMR spectra of oligo(Phla) 3 containing
bisphenol-P (Nos. 1,2, Table 1).
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Table 2:  Yields and properties of the telechelic polyesters 5 prepared
from monomer 1 and acetylated bisphenol-P (4) in bulk at

270°C/4 h
Poly- [Mon. (1) Yield [ninh.® [DPY) [To,C)  TgeC)
ester |— %) |dg) |(INMR)|[®) (B
Bisphenol-P(4)
1 10/1 95 [010 | 12 | 47 233
2 20/1 9% |014 | 24 |53 235
3 40/1 9% |022 | 44 | 58 broad
4 80/1 94 |026 | 90 - 257
5 | 1601 9% | - : - 2300267

a) measured at 20°C with ¢ = 2 g/l in CH)Cly/trifluoroacetic acid
Svolume ratio 4:1)

b) 'HNMR endgroup analyses (see Figure 3)

c) DSC measurements with a heating rate of 20°C/min
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sation of the Phla monomer 1 with the tetrafunctional "star-center” 8 (14).
In order to find out, if transesterification of the acetate groups of 8 is steri-
cally hindered, a model reaction with silylated 4-methylbenzoic acid was
conducted (eq. 7). The 1H NMR spectrum of model compound 9 proved
that this condensation reaction was successful. The results of the analogous
polycondensations of 1 and 8 are summarized in Table 4. In preliminary ex-
periments not listed in Table 4, it was found that reaction times of > 8 h are
required to obtain nearly quantitative conversions. Corresqondingly, both
the inherent viscosities and the DP's determined from the 'H NMR spectra
(Figure 4) parallel the monomer/star-center ratio.

One reason why the polycondensation of monomers 1 and 8 is particularly
interesting, is the fact the oligo- and polyesters of Phla possess a high ten-
dency to crystallize, whereas the spirocyclic "star-center” 8 is unfavorable
for crystallization of the oligoester 10. The results is illustrated by the
WAXD powder patterns of Figure 5. At low DP's the star-shaped poly(Phla)
is mainly amorphous, whereas at higher DP's the crystallinity approaches
that of the linear homopolyester, which possesses an unusually high crys-
tallinity around 70 - 80%. A comparison of the polyesters obtained from
monomer 1 and 4-tert-butylphenol, bisphenol-P or star-center 8 demon-
strates that the chance to obtain soluble polyesters with higher DP's in-
creases with the steric influence of chain-stopper and star-centers.

Hyperbranched Poly(3-hydroxybenzoic acid)

The copolycondensation of a difunctional ("a-b") monomer and a trifunc-
tional ("ap-b") monomer is of particular interest, because it enables the
preparation of randomly branched (hyperbranched) copolymers with a vari-
able degree of branching (DB). Furthermore, if it is possible to vary the
nature of the endgroups, the influence of the endgroups on the properties of
the polyesters may also be studied. For this purpose four different series of
hyperbranched copolyesters of 3-Hybe, were synthesized (eqs. 8-11). The
polycondensations according to eqs. (8) and (9) represent the earliest syn-
theses of randomly branched polyesters and one of the earliest synthesis of
randomly branched polycondensates 10). The details of these polyconden-
sations were described previously (10,15), and thus, should not be reported
here agian. However, it should be emphasized that nearly random sequences
of both comonomers were obtained in all four series, as illustrated by the
13C NMR spectrum (Figure 6). Furthermore, the syntheses and properties
of the hyperbranched homopolyesters of 3,5-bishydroxybenzoic acid and 5-
hydroxyisophthalic acid were described by three research groups in much
detail (16-21), and thus, will not be repeated here. Using 3,5-bistrimethylsi-
loxybenzoyl chloride, 3,5-bisacetoxybenzoic acid or its trimethylsilyl ester
the hyperbranched homopolyesters of structures 9 and 10 were obtained

In Step-Growth Polymers for High-Performance Materials, Hedrick, J., et a .;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Publication Date: May 5, 1996 | doi: 10.1021/bk-1996-0624.ch009

Downloaded by STANFORD UNIV GREEN LIBR on October 14, 2012 | http://pubs.acs.org

9. KRICHELDORF ET AL.

Table 3:

Yields and properties of the star-shaped polyesters 7 prepared
from silylated 3-acetoxybenzoic acid and "star-center" 6
in bulk at 270°C/5 h
Poly- [Mon. (1) Yield [qmnh.3) [T,0)
ester (%) |[(dVg) (°%I)
Star-center 6
1 30/1 94 0.08 95
2 60/1 96 0.11 111
3 90/1 96 0.16 128
4 120/1 97 0.22 137

a) measured at 20°C with ¢ =2 g/l in CHpClp
b) DSC measurements with a heating rate of 20°C/min

Table 4:

Star-Shaped and Hyperbranched Polyesters

Yields and properties of the star-shaped polyesters 10 prepared

from monomer 1 and star-center 8 in bulk at 270°C/8 h

Poly- [Mon. (1 Yield [ninh.@) [DPY) Tt Ty
ester @ %) e |(ANMR)|(E) (B
Star-center 8
1 10/1 94 0.10 12/1 53 231
2 20/1 93 0.14 21/1 55 233
3 40/1 95 0.21 38/1 57 241
4 80/1 93 0.36 70/1 62 242
S 160/1 96 - - 64 243

a) measured at 20°C with ¢ = 2 g/l in CHpCly/trifluoroacetic acid

Svolume ratio 4:1)
b) 'H NMR endgroup analyses

¢) DSC measurements with a heating rate of 20°C/min (1st heating)
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Figure 4: 100 MHz 1H NMR spectrum of starshaped poly-
(Phla) derived from "star center” 8.

26

Figure 5: WAXD powder patterns of starshaped poly(Phla)
derived from "star center" 8 with variation of the 1/8 ratio.
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NL ,NB.NT = molar fractions of linear , branching and
terminal units in a branched polyester
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(16-21). It was found that regardless of the synthetic method all these hy-
perbranched polyesters possess a degree of branching (DB) in the range of
0.55-0.60 (as defined by eq. 12), which means that somewhat less than
every second repeating unit is a branching point. Obviously, this DP is a di-
rect consequence of the steric demands of the "side chains", and does not
reflect different reactivities of functional groups. The DB was calculated via
eq. (12) on the basis of high resolution IH NMR spectra which display a
separate endgroup signal (x in Figures 7 and 8) of the 3,5-acetoxybenzoyl
units. This endgroup signal disappears in copolyesters containing higher
molar fractions of 3-oxybenzoyl units, because the 3,5-bisoxybenzoyl
moieties then play the role of linear or branching units (Figures 8 and 9).

In the case of the copolyesters 11, Z=OAc, the influence of the number of
branching points on the crystallization was studied. Linear poly(3-Hybe)
crystallizes spontaneously (i.e. without artifical nucleation) from its solution
in aromatic solvents (10). After period of 3-4 days nearly 100% of the dis-
solved polyester has precipitated. This experiment was repeated with hy-
perbranched poly(3-Hybe) and the number of branching units was system-
atically varied. As demonstrated by Figure 10, the fraction of poly(3-Hybe)
capable of crystallization decreases continously with increasing DB. At a
molar ratio of one branching unit per ten 3-Hybe units crystallization is
completely suppressed. It seems that linear chain segments with > 20 re-
peating units are required to form crystallites.

Another interesting relationship was revealed when the Tg's were plotted
versus the molar fraction of branching units. This plot (Figure 11) includes
three variations of the endgroups (curves A, B and C). A high DB severely
hinders the segmental motion, and thus, all hyperbranched homopolyesters
(12 and 13) possess higher Tg's than linear poly(3-Hybe). In the case of co-
polyester 11, Z=CO»>H the Tg's display a continous decrease from the value
of the hyperbranched homopolyester to that of linear poly(3-Hybe) (curve
A). This curve in principle agrees with the Fox equation (22). In contrast
the Tg s of copolyesters 11, Z= OH (curve B) and Z=OAc (curve C) show a
minimum around one branchmg unit per 10 repeating units. Interestingly
this result fits well in with the degree of branching limiting the crystalliza-
tion as demonstrated in Figure 10. Obviously a minimum segment length
around twenty 3-Hybe units in required, for the chain segments to, pack in
dense more or less parallel fashion. Such a denser parallel chain packing re-
duces the segmented mobility and favors the crystallization. Thus random
branching exerts two contradictory effects on the segmental mobility. A low
to moderate DB creates more free volume and a higher mobility, when
compared to the perfectly linear homopolymer, but at high DB's the steric
hindrance of the segmental motion prevails. Strong electronic interactions
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Figure 6:75.4 MHz 13C NMR spectrum (CO-signals) of a co-
polyester prepared by cocondensation of silylated 3-acetoxybenzoic

acid and 3,5-bisacetoxybenzoic acid (molar ratio 3:1) in bulk at 280°C.
(Reproduced with permission. Copyright 1995 Huethig.)
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Figure 7: 100 MHz IH NMR spectrum of the star-shaped, hyper-
branched polyester 15 (in CDCI3).
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Figure 8:360 MHz IH NMR spectrum of polyester 15 (in CDCly).
(Reproduced with permission. Copyright 1995 Huethig.)
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Figure 9: 360 MHz IH NMR spectrum of a 3:1 copolyester of

structure 11 (2=0Ac).
(Reproduced with permission. Copyright 1995 Huethig.)
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Figure 10: Influence of the degree of branching on the weight frac-
tion of poly(3-Hybe) crystallizing from its solution in benzene/py-
ridine (1:1 mixture).
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Figure 11: Plot of glass-transition temperatures versus the molar frac-
tion of branching units in hyperbranched poly(3-Hybe): A) structure
11, CO2H endgroups, B) 11, OH-endgroups, C) 11, OAc endgroups.
(Reproduced with permission. Copyright 1995 Huethig.)
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(such as H-bonds) between endgroups and chain segments reduce the mo-
bility at any DB.

Star-shaped and Triblock, Hyperbranched Polyesters

The synthetic strategy used for the preparation of star-shaped polyesters
with linear star arms (structures 7 and 10) can also be applied to the
synthesis of star-shaped polyesters with hyperbranched star arms. For this
purpose silylated 3,5-bisacetoxybenzoic acid was polycondensed with the
di-, tri- or tetrafunctional phenolacetates 3, 6 or 14. In all cases both
viscosity and GPC measurements confirmed that the molecular weights
varied with the feed ratio monomer/"star-center". In the case of structure 15
1H NMR spectroscopy also allowed the determination of the DP which also
paralleled the feed ratio (Figure 7). The results obtained from
hyperbranched polyesters of structure 15 are summarized in Table 5 (19).
Unfortunately, the "star-center" 6 turned out to be unfavorable for lH NMR
spectroscopic determination, because all its IH NMR signals were obscured
of DP's by the signals of the 3-Hybe units and acetate endgroups. In the
case of "star-center" 14 the tert.butyl groups was split of as isobutylene in
the course of the polycondensation (20).

Lengthening of the central unit in structure 15 should result in A-B-A-tri-
block copolymers with hyperbranched A-blocks. This goal was approached
in the following way. Telechelic oligo(ether-ketone)s (16) were prepared
from silylated bisphenol-P according to eq. (13) as described previously
(23). When such an oligo(ether-ketone) was heated with an excess of acetyl
chloride in an inert high boiling solvent (e.g. chloronaphthalene) a complete
acetylation of the endgroups took place. The structure of the resulting
oligo(ether-ketone) (17) was confirmed by 1H NMR spectroscopy. As dem-
onstrated in Figure 12 a 360 MHz 1H NMR spectrum indicates the presence
of the bisphenol-P unit and the acetate endgroups and allows the determi-
nation of the DP (15 in the case of Figure 12). The melting temperature
(T) of 17 is 290-295°C (by DSC), and thus, its polycondensation with
silylated 3,5-bisacetoxybenzoic acid (eq. 14) occurs in the molten state of
all components. The resulting triblock copolymer (18) was almost insoluble
in THF in contrast to 15, but soluble in chloroform containing 10 vol% of
trifluoroacetic acid. These properties indicate the covalent connection of
hyperbranched A-blocks and oligo(ether ketone) blocks, on the one hand,
and prove the absence of crosslinks, on the other hand. The IH NMR spec-
trum of 18 is almost identical with that of 15 (Figure 7), because the signals
of the ether ketone segments are hidden by the signals of the polyester
blocks.

This work can be extended to hyperbranched triblock copolymers with an
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Table 5: Copolycondensationsd) or Trimethylsilyl 3,5-Diacetoxybenzoate with Acetylated Bisphenol-P

elem.anal.

expt | Monomer/initd) | Yield |ninh.)|T ppd) Mn
no. %) (Vg (%) %C __ %H
1 20 63 0.18 144 4545 | ~ 8x103 |[caled. 6256 3.74
found 6025 3.48
2 40 72 024 | 149 65+5 | ~12x103 |caled. 61.67 3.60
found 59.66 3.53
3 80 75 027 | 150 | 10045 | ~18x103 [caled. 61.19 3.50
found 60.00 3.57
4 150 75 | 037 | 152 | 18045 | ~32x103 [caled. 60.96 3.45
found 60.12 3.50
5 250 76 | 038 | 154 | — | (~40x103) [calcd. 60.85 3.43
found 60.24 3.60

a) 1h/200°C + 3 h/280°C + 0.5 h/280°C with vacuum
b) molar feed ratio of monomer and 4

c) measured at 20°C with ¢ = 2 g/l in CHClp/trifluoroacetic acid (volume ratio 4:1)

d) average degree of polymerization as determined from the ratio of bisphenol-P and acetate groups

<+

CH

AcO

Figure 12: 360 MHz 1H NMR spectrum of the acetylated oligo-

2.0

1.5

ppm

(ehter-ketone) 17 (DP ~ 15).
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oligo(ether-sulfone) B-block, because telechelic oligo(ester sulfone)s can
also be obtained by a route analogous to eq. (13) (24).

Hyperbranched Poly(ester-amide)s

Star-shaped and hyperbranched aromatic poly(ester-amide)s can be synthe-
sized by polycondensation of "dimeric monomers" consisting of a hydroxy
and an amino acid. Such monomers (e.g. formulas 19, 20, 21 and 22) are
easy to prepare by acylation of silylated aminobenzoic acids with acetoxy-
benzoylchlorides (eq. 15). At moderate temperatures (< 100°C) the tri-
methylsilylgroup protects the carboxyl group of the aminobenzoic acid
against acylation, whereas the aminogroup is activated by the silylation. In
consequence, a highly selective and almost quantitative acylation of the
amino group takes place, and the resulting silylated monomers (e.g. 19, 21a,
22a) can be used for polycondensations in an "one-pot procedure” (25-26).

An alternative approach is based on the hydrolysis of the silyl ester groups,
and isolation of the monomers with free carboxyl groups (eq. 16, and for-
mulas 20, 21b, 22b). The polycondensations of these silicon free monomers
yield in principle the same poly(ester-amide)s as the silylated monomers
(formula 23). However, the NMR spectroscopic characterization of the
poly(ester-amide)s derived from monomers 21 or 21b revealed slight differ-
ences. The 13C NMR spectra suggest that polycondensations of 21b involve
more side reactions. Furthermore, higher molecular weights were obtained
from the silylated monomer 21a. Unfortunately, all poly(ester-amide)s are
only soluble in acidic solvents, and thus, GPC measurements were not con-
ducted. Both 1H and 13C NMR spectroscopy also revealed that all poly-
condensations of silylated or nonsilylated monomers involve a low to mod-
erate extent of ester-amide interchange reactions. The formation of
acetamide endgroups is a typical consequence of this process as evidenced
by signal y' in the 'H NMR spectra of Figures 14 and 15. The IR-spectra
displayed the expected CO-bands of ester- and amide groups along with a
broad band in the range of 3000-3500 cm-! resulting from NH-vibrations of
disordered H-bonds (Figure 13).

Polycondensations of monomers 19a, 21a and 22a with the tetrafunctional
"star-centers" 24, 25 or 26 yielded star-shaped and hyperbranched poly-
(ester-amide)s (15). As indicated by viscosity measurements variation of the
monomer/star-center ratio allowed a control of the DP. The aliphatic pro-
tons of the "star-centers" also allow a determination of the DP by means of
1H-NMR spectroscopy (Figures 14 and 15). In the case of polyesters de-
rived from the piperazine derivative 20 the IH NMR spectra need to be
conducted at temperatures > 80°C, because lower temperatures yield a
broad CHj-signal due to cis-/trans-isomerism and slow rotation around the
CO-N-bond (27).
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Figure 13: IR-spectrum (KB pellets) of the hyperbranched poly(ester
amide) 23 prepared by polycondensation of monomer 21a in bulk at 270°C.
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Figure 14: 100 MHz 1H NMR spectrum of the star-shaped hyper-

branched poly(ester-amide) prepared from 22a and 24.
(Reproduced with permission. Copyright 1995 Marcel Dekker.)
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Figure 15: 100 MHz 1H NMR spectrum of a star-shaped and hyper-

branched poly(ester-amide) prepared from 21a and 25.

(Reproduced with permission. Copyright 1995 Huethig.)
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The synthetic strategy described above is versatile and allows a broader
variation of the chemical structure of poly(ester-amide)s. Polymers derived
from hyperbranched monomers such a 27a,b or 28a,b are currently under
investigation.

EXPERIMENTAL

Materials: 3-Hydroxy-, 3,5-dihydroxy, 3-amino- and 3,5-diaminobenzoic
acid were gifts of BAYER AG (Leverkusen, FRG) and used without further
purification. Bisphenol-P and bisaniline-P were purchased from Kennedy
and Klim (Little Silver, N.J., USA). Piperazine, 1,1,1-tris(4"-hydroxy-
phenyl)ethane, phloretic acid tetrahydroxy spirobisindane were purchased
from Aldrich Co. (Milwaukee, Wisc., USA). All hydroxy acids and phenols
were acetylated with an excess of acetic acid and a catalytic amount of
pyridine in refluxing toluene. All silylations were conducted with chloro-
trimethylsilane and triethylamine in refluxing toluene or dioxane.

Polycondensations

A) Telechelic poly(phloretic acid)s (Tables 1, 2 and 4).

Silylated 3-(4'-acetoxyphenyl) propionic acid (1, 25 mmol) and a chain-
stopper or star-center were weighed into a cylindrical glass reactor equipped
with stirrer, gas-inlet and gas-outlet tubes. The reactor was placed into
metal bath preheated to 150°C, and the temperature was raised to 270°C
within 0.5 h. This temperature was maintained for 4 or 8 h (+ 0,5 h in
vacuo). The liberated chlorotrimethylsilane was removed with a slow
stream of nitrogen. The cold polyester was dissolved in CHpCly/tri-
fluoroacetic acid (volume ratio 4:1) and precipitated into cold methanol.

B) Star-shaped polyesters 7 (Table 3).

Trimethylsilyl 3-acetoxybenzoate (60 mmol) and 1,1,1-tris(4'-acetoxy-
phenyl)ethane (2,1, 0.67 or 0.5 mmol) were weighed into a cylindrical glass
reactor and reacted and worked up as described above.

C) Hyperbranched polyesters 11 and poly(esteramide)s.
The syntheses of theses hyperbranched copolymers have been described in
refs. 20, 21, 25, 26.

MEASUREMENTS

The inherent viscosities were measured with an automated Ubbelohde vis-
cometer thermostated at 20°C.

The IR spectra were recorded from KBr pellets with a Nicolet SXB-20 FT
IR-spectrometer.
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The DSC measurements were conducted with a Perkin Elmer DSC-4 using
aluminum pans under nitrogen.

The WAXD powder patterns were recorded with a Siemens D-500 diffrac-
tometer using Ni-filtered CuK-radiation.

The 100 MHz 1H NMR spectra were recorded with a Bruker AC-100 FT-

spectrometer in 5 mm o.d. sample tubes. Internal TMS served as standard.

The 360 MHz |H NMR-spectra were recorded with a Bruker AM-360 FT

spectrometer.

Acknowledgment: We thank the Deutsche Forschungsgemeinschaft for
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Chapter 10

Design, Synthesis, and Properties of Dendritic
Macromolecules

Craig J. Hawker and Wayne Devonport

Research Division, IBM Almaden Research Center, 650 Harry Road,
San Jose, CA 95120—6099

The fundamental requirements for the synthesis of dendrimers and
hyperbranched macromolecules is examined. Examples of the divergent
and convergent approaches are presented and a comparison of both
methods with respect to each other and also the one-step procedure for
hyperbranched macromolecules is made. The structural similarities and
differences between dendrimers and hyperbranched macromolecules are
described and the effect of this on the physical properties of these novel
three-dimensional materials is discussed. Finally, a comparison of these
materials with linear polymers is examined.

As their name implies, dendritic macromolecules have a highly branched three-
dimensional structure which in many ways mimic the structure of trees. From a
central point the macromolecule branches outwards with the number of chain ends
or terminal groups increasing as the molecular weight increases. It is the number
and nature of these branch points which gives rise to the three-dimensional structure
of dendritic macromolecules and to the primary difference between the three broad
types of dendritic macromolecules which are recognized today. If the
macromolecule has highly regular branching, which typically follows a strict
geometric pattern, it is termed a dendrimer and these materials are frequently
monodisperse and are prepared in a multi-step synthesis with purifications at each
step. In contrast, if the branching is random and irregular, with significant amounts
of failure sequences being present in the macromolecule, these materials are termed
hyperbranched macromolecules. A consequence of this irregular structure is that
these materials are typically as polydisperse as other step-growth polymers. The
final type of dendritic macromolecule are hybrid dendritic-linear polymers in which a
combination of dendritic and linear segments are covalently attached. While some
extremely interesting and unusual macromolecular architectures are obtained in this

0097—6156/96/0624—0186$12.00/0
© 1996 American Chemical Society

In Step-Growth Polymers for High-Performance Materials, Hedrick, J., et a.;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Publication Date: May 5, 1996 | doi: 10.1021/bk-1996-0624.ch010

Downloaded by UNIV MASSACHUSETTS AMHERST on October 14, 2012 | http://pubs.acs.org

10. HAWKER & DEVONPORT  Synthesis of Dendritic Macromolecules 187

hybrid dendritic-linear area an analysis of these materials is beyond the scope of this
review.

Synthesis of Dendrimers

One of the fundamental differences between dendrimers and hyperbranched
macromolecules is that the former are prepared in a multi-step synthesis with
purifications at each step while the latter are prepared in a one-step procedure. For
dendrimers, two synthetic strategies have been developed for their preparation. The
initial approach, which was independently conceived and demonstrated by Tomalia
(1) and Newkome (2), has come to be known as the divergent, or starburst
methodology. In this approach, growth is started at the central core of the
dendrimer and proceeds radially outwards with the stepwise addition of successive
layers of monomer building blocks. The synthesis of poly(amidoamine) (PAMAM)
dendrimers by Tomalia demonstrates many of the important features that must be
considered in any divergent synthesis. Scheme 1 shows the synthesis starts with
reaction of a polyfunctional core molecule, in this case ammonia, with methyl
acrylate to give the triester, 1. Regeneration of the reactive NH groups is then
accomplished by exhaustive amidation of the ester functionalities with 1,2-
diaminoethane. This leads to a doubling in the number of reactive NH groups from
three for ammonia, to six for the first generation dendrimer, 2. Interestingly, while
Tomalia used addition chemistry to regenerate his reactive chain ends, a number of
other workers in the field have used a protection/deprotection strategy. Larger
dendrimers result from the successive Michael additions and amidations, with
purification procedures at each stage. Successful dendrimer synthesis using the
Tomalia route can be acheived by attaining the following prerequisites: i) high
yielding reactions must be used for each of the generation growth steps, this
becomes especially crucial at higher generations when the number of reactive chain
ends becomes extremely large ii) monomer units should be carefully selected to be
readily available and, if possible, they should be symmetrical so that each of the
reactive functional groups has the same reactivity iii) purification of the dendrimers
must allow complete removal of excess monomers and/or reagents as these can lead
to unwanted side reactions or growth in the next step of the synthesis.

Although the divergent growth approach has proven to be extremely successful for
the preparation of dendrimers, it does have a number of drawbacks and limitations
with regard to ideal dendrimer growth. This is especially true if only a single
reactive functionality on the dendrimer is required or if accurate control over the
placement of end groups at the periphery of the globular dendrimer is desired. To
overcome these limitations an alternative synthetic strategy was developed for the
synthesis of dendrimers. This approach was termed the convergent growth
methodology and again it relies on a multi-step strategy involving step-growth or
condensation chemistry (3,4).

Convergent methodology relies on the disconnection approach used in traditional
organic synthesis coupled with the fractal and highly symmetrical nature of
dendrimers. Disconnection of a dendrimer therefore eventually leads to the chain
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Scheme 1. Synthesis of poly(amidoamine) dendrimers.
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ends as the starting point in the synthesis, which is exactly the reverse of the
divergent growth approach where synthesis starts at the central core. Convergent
methodology is demonstrated in Scheme 2. Growth begins with the chain ends or
"surface" functional group, S, and coupling with an AB, building block, or monomer
unit, 3, leads to the next generation dendron, 4. It should be noted that the value of
x, which is the multiplicity of the branch point, has to be two or greater for
dendrimer synthesis. Activation of the single latent functionality, P, which is present
in 4 gives the reactive functional group, R, which can again be coupled with the
monomer unit to give the next generation dendron, 5. The dendritic structure can
already be noted in this second generation dendron, 5, where there are four chain
ends and two inner layers of building blocks. Repetition of this two step procedure
then leads to larger and larger dendrimers and, if desired, the final reaction step may
be coupling of several reactive dendrons to a polyfunctional core, C, to give a
dendritic macromolecule similar to that which might be obtained from a divergent
strategy.

A special feature of the convergent growth approach to dendrimers should also be
noted, while the number of chain ends doubles at each generation growth step only a
single functional group is present at all times at the focal point of the growing
dendrimer. An important consequence of this single focal point group is that
generation growth requires only a single activation reaction and usually only two
coupling steps. Therefore, the probability of side reactions and failure sequences is
not only low but the dramatic difference in the size and polarity between the desired
dendrimers and unreacted or partially reacted materials simplifies purification.

As has been shown above, while both the convergent and divergent methodologies
involve a step-wise growth approach and, depending on the choice of building
blocks, can give the same final dendritic structure there are some fundamental
differences between the two approaches. These differences results in an almost
complimentary relationship between the two approaches and a careful examination
of the desired dendrimer should be undertaken before planning any dendrimer
synthesis, since one approach may be more viable than the other. In general, the
more controlled nature of the convergent approach is better suited for the synthesis
of very regular or precisely functionalized dendrimers where the number and nature
of the chain ends, "interior" building blocks, and the focal point group need to be
controlled. In contrast, for very large dendrimers (MW > 100,000) the divergent
approach is the methodology of choice due to the ability to use large excess of
reagents and the minimization of steric hindrance to reaction.

Irrespective of these differences, both approaches have proved to be extremely
successful for the preparation of dendritic macromolecules. By the use of either the
divergent or convergent growth approaches a number of different groups have
prepared dendrimers based on a wide variety of functional groups i.e. dendritic
poly(amides) (5), poly(etherketones) (6), poly(amines) (7), poly(phenylenes) (8),
poly(silanes)  (9), poly(phosphonium salts) (10), poly(esters) (11),
poly(phenylacetylenes) (12), poly(alkanes) (13), efc. Interesting variations on this
theme have been the preparation of optically active dendrimers (14), dendritic
poly(radicals) (15), and dendrimers based on co-ordination chemistry with
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Scheme 2. Synthesis of dendrimers using convergent growth methodology.
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transitional metals atoms as the branch points (16). From these studies it is obvious
that the range of structures and building blocks that can be used to construct
dendrimers is limited only by synthetic requirements and the researchers imagination.

Synthesis of Hyperbranched Macromolecules

The one-step synthetic strategy used to prepare hyperbranched macromolecules
places some additional conditions on the structure of the AB, monomer unit and the
chemistry employed for polymerization when compared to dendrimers. Unlike
dendrimers which are purified at each step and can therefore tolerate low yields or
the presence of unreacted side products the requirements for hyperbranched systems
are much more rigorous. Firstly, the reactive groups, A and B, should react with
each other only after a suitable activation step (e.g. removal of a protecting group
via a chemical, thermal, or photochemical process) or in the presence of a catalyst,
otherwise the synthesis and handling of the monomer unit can be extremely
complicated. Also the mutual reactivity of the functional groups, A and B, should be
very high in order to achieve growth and polymer formation. This is similar to
normal step growth polymerization requirements, though it should be noted that this
same requirement need not be satisfied for dendrimers. Side reactions should also be
kept to an absolute minimum in order to prevent crosslinking of the growing
hyperbranched macromolecule which is aggravated by the presence of a large
number of reactive B groups at the chain ends. Deactivation of the single reactive A
group at the focal point of the growing hyperbranched macromolecule should also be
kept to an absolute minimum since it would be expected to severely disturb the
growth process and may lead to low molecular weight materials.

The one-step synthetic strategy used for the production of hyperbranched
macromolecules results in significant structural differences between these two
related families of globular macromolecules. As shown in Scheme 3, the one-step
polymerization of an AB) monomer unit does not result in perfect growth, instead
growth is uncontrolled and leads to a complex polydisperse product, 6. This
hyperbranched product, 6, contains regions that resemble both dendrimers and linear
polymers. In fact if the structure is analyzed in detail only three different types of
individual sub-units can be identified. These have come to be know as dendritic,
linear, and terminal sub-units and differ in the number of B functionalities that have
undergone reactions to form polymeric linkages, C. Dendritic units are obtained by
reaction of both B functionalities and resemble the internal building blocks present in
dendrimers and contribute to branching. Alternatively, if only one of the two B
functionalities react, a linear unit, analogous to that which would be found in a true
linear polymer, is obtained. It is these failure sequences which constitute that main
differences between hyperbranched macromolecules and dendrimers. Finally, if
neither of the B functionalities react, a terminal unit is obtained which can be
consider to be the equivalent of an outer layer, or chain end unit of a dendrimer.
Therefore, the structure of hyperbranched macromolecules are intermediate between
those of "perfect” dendrimers and linear polymers. These intermediate structures
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can be described by their "degree of branching”, or DB. This has been defined by
the formula:

DB = number of terminal units + number of dendritic units
total number of units

From this definition, a linear polymer has a degree of branching of 0.0, while a
perfectly branched dendrimer has a degree of branching of 1.0 and a hyperbranched
macromolecule has a DB between 0.0 and 1.0. For hyperbranched macromolecules
the degree of branching can be determined by either NMR spectroscopy (17,18) or a
degradative technique (19). Where DB has been determined, the value is typically
between 0.45 and 0.60 though values as high as 0.85 and as low as 0.15 have been
reported.

Concerted efforts to examine the synthesis and polymerization of such ABy
monomers was however not attempted until 1989 when Kim and Webster (17)
reported their preparation of hyperbranched polyphenylenes from the ABy
monomers, 3,5-dibromophenyl boronic acid, 7, or 3,5-dibromophenyl magnesium
bromide, 8 (Figure 1). In a similar way to dendrimers, the field of hyperbranched
macromolecules has been extended considerably since this initial report.
Hyperbranched polyesters based on fully aromatic, fully aliphatic, or partially
aliphatic/aromatic systems have been extensively studied by a number of groups (18-
20). Similarly, hyperbranched poly(etherketones) (21), poly(ethers) (22),
poly(urethanes) (23), poly(siloxanes) (24), efc. have been prepared using classical
step growth chemistry.

Physical Properties

In contrast to the high level of maturity that the synthesis of dendrimers and
hyperbranched macromolecules have reached the study of their physical properties is
still only in its infancy. The results that have been reported have sparked
considerable interest and are helping to build a general understanding on the
behavior of these novel globular macromolecules. In general, it has been shown that
thermal properties, such as glass transition temperature and thermal decomposition,
of dendrimers and hyperbranched macromolecules are both essentially the same as
their linear analogs (25). However, the solubility of dendrimers is significantly
improved when compared to their linear analogs. Miller and Neenan have reported
solubility enhancements of 105 for dendritic poly(phenylenes) when compared to
linear poly(phenylene) (4). Similarly, hyperbranched macromolecules have enhanced
solubilities when compared to linear analogs, though the magnitude of enhancement
is slightly less than that for the dendrimer case. Presumably the solubility differences
arise due to the highly branched, globular nature of dendrimers and hyperbranched
macromolecules. Another consequence of this novel structure can be found in
studies concerning both the intrinsic (26) and melt viscosity (27) of dendritic and
hyperbranched macromolecules. A plot of log[intrinsic viscosity] vs log[molecular
weight] gives a different curve for all three architectures (Figure 2). For dendrimers,
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Figure 2. A plot of log[intrinsic viscosity] versus log[molecular weight].
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a totally unique bell shaped relationship with a maximum below 5,000 amu is
observed which does not obey standard theory. In contrast, hyperbranched
macromolecules do follow the Mark-Houwink-Sakurada relationship, albeit with
extremely low values of "a" when compared to linear polymers. Similarly, melt
viscosity studies on dendrimers do not show the expected dramatic increase in
viscosity on increasing molecular weight, instead, a linear relationship between
viscosity and molecular weight is observed up to molecular weights of 100,000 amu.
Hyperbranched macromolecules have also been shown to have very low melt
viscosities when compared to linear polymers. This unique viscosity behavior can be
explained by either standard geometrical considerations, if it is assumed that
dendrimers have a spherical shape, or by a significant reduction, or lack, of
entanglements for dendrimers and hyperbranched macromolecules. Other interesting
physical properties found for dendrimers and hyperbranched macromolecules are
enhanced compatibility with other polymers (28), high chemical reactivity and
catalytic activity of chain end functional groups (29), as host-guest systems for drug
delivery or molecular inclusion studies (30), ezc.

Conclusions

In the short space of 10 years the field of dendritic macromolecules has progressed
at an extremely rapid pace with these globular materials effectively constituting a
new branch of polymer science. While the synthesis of these materials draws heavily
from standard step growth literature, the degree of control present in dendrimers
and, to a lesser extent, in hyperbranched systems is unparalleled. This key feature,
coupled with their globular, three-dimensional structure allows an extremely large
range of novel macromolecular architectures to be prepared. From these materials
unique structure property relationships can be defined and in many instances either
enhanced or new physical properties are found for the pure dendritic
macromolecules or for blends of these materials with commodity linear polymers.
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Chapter 11
Adamantane-Containing Polymers
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Adamantane is a rigid ring system comprised of three fused chair
conformation cyclohexane rings.! Its excellent thermal stability,
bulkiness, and tetrahedral geometry lead to improved physical
properties such as stiffness, glass transition temperature (T,), and
solubility.? Star polymers include polyaramids®® and polybenzoxazoles®
based on adamantane and biadamantane. All hydrocarbon three-
dimensional networks use acetylene®, phenylacetylene’, or
diphenylacetylene’ groups attached at the bridgehead positions with
thermal polymerization or nickel catalyzed reactions of iodophenyl
groups attached directly to the bridgehead positions.’ Pendent
adamantane groups were incorporated into acrylates®, phenolics’,
poly(phenylenes)'’, and poly(ether ether ketones)."' Each type shows a
large increase in T, and thermal properties over the linear,
unsubstituted polymer.

Star Polymers

Aramids are high performance rigid rod materials such as Kevlar® and Nomex®.
Benzoxazoles are even more rigid materials and are noted for their excellent
thermooxidative stability and chemical resistance.’” Both types of polymers are
processed from lyotropic solutions into fibers or films which exhibit high moduli and
tensile strengths due to the high degrees of chain orientation.’ Several researchers
have looked at incorporating the rigid rod materials as arms on a star polymer, the
intent being to improve properties along the transverse direction of the fibers and
films.* The use of adamantane as a rigid core enforces a tetrahedral arrangement of
the aramid and benzoxazole arms. These star polymers exhibit comparable thermal
stability and decreased viscosity over the linear polymer. The aramids are interesting
in that they don't behave as rigid rods in solution and are more soluble than linear
aramids of comparable molecular weight.> The impetus for examining adamantane
as the core for rigid rod star polymers is to study its effect on polymer viscosity,
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thermal behavior, and ultimate physical properties. Some examples of aramid star
polymers were synthesized in our lab (1) or elsewhere (2)*. In these and subsequent
figures, 4-armed species are represented by the structures drawn, ie, each bridgehead
contains one arm. The star polymers shown were synthesized using either 1,3,5,7-
tetrakis(4-iodophenyl)adamantane or 1,3,5,7-tetrakis(4-aminophenyl)adamantane as the
core, and 4-iodoaniline as the monomer. Polymerization occurs via a palladium
catalyzed carbonylation reaction as described by Perry and coworkers.'?

Incorporation of adamantane was confirmed by FTIR, solid state ’C NMR, and
solution ®C NMR. It was found that the amine core star polymers were higher
molecular weight than the iodo core star polymers. According to previous
observations, an excess in amine groups, which is the case for the amine core star
polymers, tends to favor higher molecular weight polymers, possibly due to a decrease
in side reactions.'> A linear polybenzamide (PBA) of comparable molecular weight
was also synthesized for comparison. Plots of inherent viscosity and reduced viscosity
versus concentration for the star polymers gave positive slopes which indicate the star
polymers do not behave as rigid rods in sulfuric acid solutions, in contrast to linear
aramids. All three of the polymers were soluble in DMAc-5% LiCl as well as in
concentrated sulfuric acid. Films of starNH, were cast from dilute solutions in
DMAc-5% LiCl; concentrated solutions formed gels, probably due to strong
interaction between the arms resulting in increased entanglements. Starl and the linear
PBA did not form films or gels, probably due to lower molecular weights and the
absence of entanglement. Table I gives the properties of aramid star and linear
polymers studied.

Table I. Properties of Aramid Star and Linear Polymers

Polymer [n] (dL/g)* T,(°C) transition (°C)
linear 0.24 450 none
starl 0.27 450 355

starNH, 0.74 445 none

* 0.25 g/dL of H,S0,, 30 °C. ® 10% weight loss in air.

Compound 3 is an example of a star polymer with benzoxazole arms.* The
three dimensional rigid-rod polymer was obtained from the polycondensation of 4-[5-
amino-6-hydroxybenzoxazol-2-yl]benzoic acid (ABA) with 1,3,5,7-tetrakis(4-
carboxylatophenyl)adamantane (TCBA) in polyphosphoric acid (PPA). Polymer
structures were confirmed by FTIR and elemental analysis, although the extent of
attachment of PBO arms to the adamantane core was not confirmed. In addition, stir
opalescence was observed indicating lyotropic-like behavior. However, the more
compact star structure resulted in intrinsic viscosities that were significantly less than
linear PBO's obtained under identical conditions. The onset for weight loss under
TGA in air occurred at 500 °C for both linear and star polymers and no transitions
were observed by DSC.
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The impetus of the star benzoxazole research was to utilize two and three
dimensional cores for rigid-rod polymers in hopes of increasing compressive strength
over the linear polymers.”® Fibers were prepared via a dry-jet wet spinning process
at 90 °C using various spin-draw ratios. The mechanical properties of drawn fibers
indicated a slight increase in compressive strength of the 3D rigid-rod polymers based
on adamantane over the linear polymer but a decrease in tensile strength and modulus.
Morphology studies obtained from wide angle x-ray diffraction (WAXD)
measurements revealed more disorder in the 3D samples compared to the linear and
2D samples. Perhaps the inability of the rigid-rod arms to pack laterally gives rise
to the decrease in mechanical properties observed in the 3D rigid-rod polymers as
compared to linear rigid-rod polymers of comparable molecular weight.

The last star step-growth polymers to be discussed are hyperbranched aramids.®
The first hyperbranched aramid (4) was synthesized using 1,3,5,7-tetrakis(4-
iodophenyl)adamantane as the core, 3,5-Dibromoaniline was polymerized from this
using the palladium catalyzed carbonylation reaction discussed previously. A two-step
carbonylation process was used in which higher pressures of CO were used at the
beginning of the reaction to insure complete displacement of the very reactive iodo
groups and insertion of the carbonyl to form the first amide linkage at the core.
Polymerization (and formation of hyper-branches) through the less reactive bromo
groups was achieved by lowering the CO pressure. For comparison, a hyper-branched
aramid (5) was synthesized from 3,5-dibromoaniline using the carbonylation reaction.

Polymer § is structurally similar to the branched aramids reported, except that
5 (as well as 4) should have bromine end-groups instead of acid or amine moieties.’*

The previously reported branched aramid systems were soluble in amide solvents
such as DMF, DMAc, and NMP. Polymer 5 was found to be insoluble in these
solvents as well as insoluble in DMAc-5% LiCl and sulfuric acid. This may be due
to cross-linking through an unknown coupling of the reactive intermediates and end-
groups. Solid-state NMR was used to confirm the overall product structure. Aramid
carbonyls were present at ca 165 ppm indicating reaction had occurred. Peaks for
residual DMAc and/or CH,Cl, were present in the NMR spectra even after extensive
extraction and vacuum drying, implying an inherent tenacity for solvent retention in
these star polymers.

Polymer 4 was partially soluble in DMSO and amide solvents such as DMF
and DMAc. Solution and solid-state NMR were used to confirm the product structure.
Peaks due to the adamantane moiety and aramid carbonyls were present indicating
reaction. Again, residual solvent peaks were observed in the solid-state NMR spectra,
even after extensive extraction and vacuum drying. It appears that hyperbranched
structures and adamantane incorporation disrupts crystalline packing and leads to a
more open and molecularly-porous branched structure that is capable of taking up and
holding solvent.

Thermal analysis of these two highly branched polymers showed no transitions
below 500 °C by DSC, although gradual changes in the base line occurred above 310
and 340 °C, respectively, corresponding to the onset of weight loss seen in the TGA
scans. Thermal decomposition began ca 80 °C lower and was more rapid above 350
°C, than for linear and star-branched polymers discussed previously. Perhaps the
presence of one unreacted aryl bromide group per repeat unit (on average) may
thermolyze or promote backbone degradation, leading to decreased thermal stability.
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In all cases, it appears that the adamantane core may enhance solubility which
promotes the formation of high molecular weight polymers without sacrificing thermal
stability. However, in the case of highly branched aramids, the presence of
adamantane units as defects to prevent close packing did not maintain solubility
(probably due to crosslinking) and actually resulted in a decrease in the thermal
stability of the polymer obtained. Lastly, adamantane has been demonstrated as a
good candidate for step-growth polymerization of star polymers.

Three Dimensional Hydrocarbon Networks

There has been a lot of research recently devoted to the formation of all-hydrocarbon
materials. They offer advantages over heteroatom containing materials in long term
thermal and environmental stability, in possessing low dielectric constant, and having
low water absorption. Also, the strong carbon-carbon bonds should lead to improved
moduli, strength, and toughness. Adamantane is an ideal choice for use in such
materials in that it is all hydrocarbon and its tetrahedral geometry allows for growth
of hydrocarbon moieties in three dimensions. Adamantane has been functionalized
with terminal acetylene® (7), phenylacetylene’, and diphenylacetylene’ (6) groups.
Upon thermal cure, these materials undergo dimerization, oligomerization, and
polymerization. The cured products exhibit excellent thermal stability and potential
for forming "diamond" like structures.

Structure 6 gives some examples of hydrocarbon networks synthesized in our
lab. Utilizing 1,3,5,7-tetrakis(4-iodophenyl)adamantane as the starting material, both
1,3,5,7-tetrakis(4-ethynylphenyl)adamantane (TEPA) and 1,3,5,7-tetrakis(4-phenyl-
ethynylphenyl)adamantane (TPEPA) were synthesized. The acetylene groups in TEPA
were found to be quite stable, and no special precautions were taken with storage and
handling of this compound. FTIR, elemental analysis, and solid state *C NMR
confirmed the structures. TEPA was cured for 1 h at 200 °C, 1 h at 250 °C and 30
min at 300 °C. Disubstituted acetylenes require higher curing temperatures; therefore,
TPEPA was heated at 300 °C for 30 min, 350 °C for 30 min, and 400 °C for 1 h.

Curing was followed by FTIR and solid state *C NMR, with disappearance
of the acetylene stretches in FTIR and chemical shifts in NMR spectra indicate
complete reaction. TGA in air of the cured materials revealed onset of decomposition
at 450°C and 490 °C, respectively. This project also involved investigation of the cure
mechanism of the acetylene groups. It is thought that identification of the cure
products may give insight into the structure-property relationship for these cured
polymers. Terminal acetylenes can cure by cyclotrimerization, biradical mechanisms,
Glaser coupling, and Straus coupling.'” Solid state *C NMR of partially cured TEPA
revealed the formation of an acetylene-containing intermediate, while the fully cured
product appears to contain only adamantane and aromatic structures. The cure
products of disubstituted acetylenes have not been clearly identified yet but are
thought to consist of a complex mixture of components. Solid state *C NMR spectra
of the fully cured TPEPA consisted of resonances due to aromatic structures and
adamantane. Dipolar dephasing experiments revealed non-protonated carbons on
adamantane and the phenyl attached to it, and overlapping peaks due to non-
protonated carbons resulting from cure. These data suggest that an all-aromatic and/or
extended polyacetylene structure formed that contains adamantane as the core.
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Figure 5. Hyperbranched aramid with random branching.
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Figure 8. Ester derivatives of ethyl a-hydroxymethylacrylate.
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Compound 7 is an example of adamantane with directly attached acetylene
groups.® The monomer was prepared in three steps from adamantane. Complete cure
was accomplished by heating above 320 °C. The onset of decomposition for the cured
materials was 475°C in air and helium. Thermal polymerization gave a complex
mixture of oligomers with number-average molecular weights ranging from 184 to
10,000 as measured by reverse phase HPLC. *C NMR spectra revealed formation of
a linear polyene structure containing adamantane with terminal acetylene groups.

The exact mechanism of acetylene group thermal polymerization is still not
clear. It is evident that the adamantane ring stays intact upon polymerization and
contributes to the high thermal stability of the cured hydrocarbon networks. We hope
to use °C labeled monomers to further investigate cure mechanism details.

Polymers with Adamantyl Pendent Groups

The bulky rigid structure of adamantane greatly increases T,'s when incorporated as
a pendent group onto polymer backbones. Intuitively, the attachment of a large group
pendent from the polymer should reduce chain mobility and raise T,; however, what
is surprising with the adamantyl moiety is the magnitude of its effect. Adamantane
also maintains thermooxidative stability because, unlike a typical linkage to a tertiary
carbon, (for example a t-butyl ester), elimination cannot easily occur at the bridgehead
position which is the point of attachment. Our group is currently examining a whole
range of adamantane-substituted polymers in order to understand how changes in
molecular mobility and packing behavior affect thermal and mechanical properties

As a basis for reference, a series of chain-growth polymers based on ester
derivatives of ethyl o-hydroxymethylacrylate were synthesized which illustrate the
adamantyl effect. Polymers of structure 8 are examples of acrylates with pendant
ester groups ranging from hydrogen (formate) to adamantane (adamantate).® Table II
shows the series of polymers including number-average molecular weights and T,.
As the size of the pendent group increased from methyl (acetate), to t-butyl, to phenyl
(benzoate), and finally to adamantane, the T, values increased with values of 49, 100,
130, and 214 °C, respectively.

Table II. Molecular weights (SEC determined) and T,'s of ester derivatives of ethyl
o-hydroxymethyl acrylate

Polymer Mn (/1000) T,
acetate 610 49
acetate - 225 100
t-butyl ester
benzoate 112 130
adamantate 319 214

Recent work in our group has centered on step-growth polymerization using
several new monomers with pendant adamantyl groups. The monomers were
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synthesized by alkylating phenolics and halobenzenes with 1-bromoadamantane. The
monomers were synthesized in high yields and the phenolic starting materials require
no catalyst for alkylation.

The first example is 4-(1-adamantyl)phenol which is obtained by simply
heating 1-bromoadamantane in phenol. The monomer, along with formaldehyde and
acid catalyst, were used in the step-growth polymerization to novolacs. Novolacs are
thermoplastic resins with molecular weights up to 2000 and T,'s of 45 - 70 °C.'!’
Their synthesis is usually carried out at a molar ratio of 1 phenol to 0.75 - 0.85
formaldehyde, resulting in a linear or slightly branched product.'*'’ This study
explored the use of variations and amounts of formaldehyde and reaction times in the
synthesis of adamantyl-substituted phenolic polymers (9).” The polymers showed
number- average molecular weights of ca 3000. Although the molecular weights are
low, they seem to correlate well with the molecular weight limits suggested in the
literature.'*!” The T,'s observed by DSC ranged from 175 to 230 °C compared to 45-
70 °C for the unsubstituted analogs. The polymers exhibited a 10% weight loss at 400
°C in nitrogen as measured by TGA. A summary of pendent adamantyl step-growth
polymers is given in Table III.

Another pendent adamantyl step-growth polymer exhibiting large increases in
T, was synthesized from adamantyl-substituted resorcinol and 4,4'-difluoro-
benzophenone to form a poly(ether ether ketone) (PEEK)."" The monomer was
obtained by heating resorcinol with 1-bromoadamantane. Polymer 10 had a number-
average molecular weight of 55,000 (SEC values relative to PSt), so the apparent
steric hindrance of the adamantyl group did not prevent polymerization or decrease
the rate of polymerization relative to that of unsubstituted monomers. The polymer
had a T, of 235 °C, which is a 115 °C increase over the unsubstituted analog. The
polymer was readily soluble in common organic solvents and exhibited a 5% weight-
loss at > 490 °C.

A series of PEEK copolymers were synthesized using varying compositions
of adamantyl-substituted resorcinol and hydroquinone. Glass transition temperatures
varied linearly with composition, suggesting random copolymer formation. Thin films
were easily formed by solution casting or melt pressing at 250 - 270 °C and were off-
white to tan in color. Films cast from 100% adamantyl-substituted resorcinol were
transparent and strong, but brittle. Films melt-pressed with copolymers containing
50% adamantyl-substituted resorcinol were transparent, tough and flexible.

The last step-growth polymerization to be discussed involves coupling of aryl
halides using a NiCl,/Zn/triphenylphosphine system to form a polyphenylene. Many
polyphenylenes, especially poly-p-phenylene (PPP), are difficult to synthesize due to
lack of solubility of the polymer or difficulty in achieving the conversion necessary
to develop high molecular weight.'"® The impetus of this research is to explore the
synthesis of various meta substituted polyphenylenes, the goal being to solubilize the
growing polymers in hopes of achieving high molecular weight. The monomer was
obtained in high yield by the alkylation of 13-dichlorobenzene with 1-
bromoadamantane in the presence of a Lewis acid to form 1,3-dichloro-5-(1-
admantyl)benzene. This particular reaction is unique in that greater than 90%
substitution occurs in the meta position contrary to typical electrophilic aromatic
substitution for the ortho- and para- directing chlorine substituents. Unfortunetly, the
adamantyl substituted poly-m-phenylene (11) precipitated from the DMAc or NMP
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Figure 10. Adamantyl-substituted poly(ether ether ketone).

Figure 11. Adamantyl-substituted poly(phenylene).
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solvent during polymerization; ie, the polar aprotic solvents necessary to generate the
nickel catalyst in situ are not good solvents for the all-hydrocarbon polymer. The
polymer was soluble in chloroform and THF and had a number-average molecular
weight (SEC values relative to polystyrene) of only ca 2000. No thermal transitions
were observed before the onset of decomposition at 350 °C.

Table III. Summary of pendent adamantyl polymers

Polymer Mn* T, (°C) T, (°C) T, increase®
O
phenolic 3000 400° 175 - 230 160 - 185
PEEK 55,000 490° 235 115
poly-m- 2000 350 nd* na
phenylene

* relative to polystyrene. ® 10% weight loss (nitrogen). ° 5% weight loss (air).
¢ none detected before onset of decomposition.
¢ increase over linear unsubstituted analogs.

Conclusions

The incorporation of adamantane into various types of polymer shows some promise
for thermal property enhancement without sacrificing processability. The overall
approach is twofold; on the one hand, to use the tetrahedral geometry of adamantane
to enforce three dimensional structures, and on the other to use bulky pendant
adamantanes to promote solubility, maintain thermal stability, and raise glass transition
temperatures. We believe both approaches offer valuable methods for modifying
physical and mechanical properties of commercially important polymers, and we hope
to continue to explore such opportunities.
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Chapter 12
Poly(aryl ether) Synthesis
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Poly(aryl ethers) are an important class of commercial polymers and are a
member of the family of materials referred to as engineering thermoplastics
(1). Commercial examples include Amoco’s poly(aryl ether sulfone) (Udel),
ICI’s poly(ether ether ketone) (PEEK), and General Electric’s Ultem
poly(ether imide). They display an attractive balance of properties such as
relatively low cost, good processability, excellent chemical resistance, high
thermal stability and good mechanical properties. Since the initial report of
their synthesis by nucleophilic aromatic displacement polymerization of acti-
vated aryl dihalo compounds with bisphenolates (2), significant effort has
been devoted towards these polymer systems (3). It is the purpose of this
article to review many of the latest developments in the field of poly(aryl
ether) synthesis, including mechanistic results, new activating groups and
polymer structures, and alternative synthetic routes.

The most commonly used synthetic route to poly(aryl ether)s involves
generation of an ether linkage by nucleophilic aromatic substitution (SyAr) as
the polymer-forming reaction (Scheme I). Early work focused primarily on
sulfones and ketones as activating groups for the displacement of halides (2),
and nitro groups (4). The role of heterocycles as activating groups was first
reported for a 1,3,4-oxadiazole group (2a), and later for the nitro-
displacement polymerization of bis(nitrophthalimides) to afford poly(ether
imides) (4b). The nature of the activating group, leaving group,
bisphenolate, and solvent all play an important role in the polymer forming
reaction, the details of which will be discussed further in the following
section.

Reaction Conditions and Mechanism

The primary mechanism for formation of aryl ether linkages involves
nucleophilic aromatic substitution of an activated leaving group by phenolate.
Polar aprotic solvents, e.g., dimethylsulfoxide (DMSO), N-methylpyrrolidone
(NMP) and dimethylacetamide (DMAC) are required to effect the reaction.
The use of dimethylproylene urea has been reported as an alternative solvent

0097—-6156/96/0624—0210$12.00/0
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which affords increased polymer molecular weights and yields with less reac-
tive aryl fluorides, and it was found to dissolve poorly soluble rigid
heterocyclic-based poly(aryl ethers) (5). Special reaction conditions are
required for the crystalline ketone based poly(aryl ethers), where
diphenylsulfone is used at reaction temperatures above the melting point of
the polymer to avoid premature crystallization (2¢). Potassium carbonate is
the preferred base for bisphenolate generation as the reaction can be carried
out in the reactor, in the presence of the dihalide, using toluene to dehydrate
the system (6).

The key characteristics of effective activating groups for an SyAr mech-
anism are high electron affinity and the presence of a site of unsaturation
which can stabilize the negative charge developed along the reaction coordi-
nate through resonance to a hetero atom. This step involves the formation of
a Meisenheimer complex (I) which lowers the activation energy of the dis-
placement (Scheme II) (7). Formation of the Meisenheimer complex is the
slow rate-determining step, as reflected in the greater reactivity of aryl
fluorides relative to chlorides and bromides. The higher reactivity of the
fluoride is attributed to its small size and higher electronegativity relative to
chloride and bromide. Recently, aryl triflates were shown to be effective
leaving groups, displaying a higher reactivity than fluoride (8). Aryl triflate
displacement was complicated by competitive S-O cleavage which afforded
sulfonate exchange to the phenolate. This exchange limited the phenols
which could be used to those which can form activated sulfonates themselves.
Nitro groups are readily displaced, but the resulting nitrite ion is reactive and
undergoes side reactions, such as those observed with imides if conditions are
not carefully controlled (9). In general, fluoride is the most desirable leaving
group owing to its reactivity. A complication observed with fluoride is that
its nucleophilic nature in polar aprotic solvents leads to a back reaction where
fluoride cleaves the aryl ether bond (7a). The generation of high polymer is
assisted by the precipitation of fluoride salts from the polymerization to lim-
iting the effect of the back reaction. The aryl ether bonds are also cleaved by
phenoxide, which leads to ether interchange in the polymerization (2b,7a).

Although activated aryl fluorides are the most common substrates for
poly(aryl ether) synthesis, there is a great deal of interest in the use of aryl
chlorides due to their reduced cost. Hergenrother and co-workers showed
that a  variety of dichlorobenzophenone, phenylsulfone, and
bis(benzoyl)benzene monomers afforded high polymer with a variety of
bisphenols (/0). Percec (11-13) and Mohanty (/4) found that in certain
cases the polycondensation of a bis(aryl chloride) with a hydroquinone
afforded low molecular weight polymer due to a reductive dehalogenation
reaction. The degree to which this occurred was dependent on the oxidation
potential of the bisphenolate, the solvent, and the polymerization temper-
ature. The results are explained by a competition between a polar and single
electron transfer (SET) pathway (Scheme I1I), where the latter is based on an
Spn! mechanism (/5). In the SET pathway, an electron is transferred from
the bisphenolate (electron donor) to the aryl halide (electron acceptor) to
form a radical anion-radical pair, I1I. This pair may collapse to form the
Meisenheimer complex, I, and proceed to the aryl ether, or separate and elim-
inate the halide to give a phenyl radical. The phenyl radical can abstract a
hydrogen from the solvent to give the dehalognated chain-end. It is also pro-
posed that a aryl ether can form via the SET pathway rather than strictly the
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polar pathway (/4). Since the SET relies on the bisphenolate acting as the
electron donor, the reductive halogenation side reaction is limited to electron-
rich bisphenolates, e.g., that derived from hydroquinone. The balance
between polar and SET pathways is also dependent on aryl halide structure,
with the polar pathway favored to a greater extent with more electronegative
leaving groups and with sulfone compared to ketone activating groups (/3).

The suppression of the SET pathway can be affected by addition of a
radical scavenger, e.g., tetraphenylhydrazine, to the polymerization (/4).
Addition of 0.01 mole% of tetraphenylhydrazine to the polymerization of
1,3-bis(p-chlorobenzoyl)benzene and hydroquinone resulted in high polymer
with an inherent viscosity equivalent to those polymers prepared with the
difluoro monomer. In addition, the reductive dehalogenation side reaction
can be avoided by the use of diphenylsulfone rather than NMP or DMAC,
due to the absence of labile hydrogen<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>