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Our recently developed system for the living polymer-
ization of isocyanides! using transition-metal catalysts was
achieved through a detailed mechanistic understanding
of the chain growth process.? In an effort to further refine
this system, we sought additional means of probing the
nature of the active specie(s) in the reactions. Since,under
both oxygen and nitrogen atmospheres, there are varying
(and sometimes considerable) amounts of charge developed
in the transition states of the chain propagation steps,? we
wanted to examine the effects that substituents on the
monomer would have on these reactions.” Toward this
goal we synthesized a variety of phenyl isocyanide mono-
mers (Ia—e) which were substituted in the para position
(eq 1).* In trying to measure propagation rate constants
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we encountered a problem in that a majority of these
homopolymerizations were heterogeneous and gelled at
low conversions so that accurate kinetic data could not be
acquired. Our solution was to set up copolymerizations
of these monomers with the comonomer (R)-1-phenylethyl
isocyanide (II)* and determine propagation rate constants
of the aryl monomers from the well-behaved copolymer-
ization reactions (eq 2).
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Monomer IT undergoes living polymerization with the
catalyst, [(n3-CsH5)Ni(OC(0)CF3))s (III), we have used
forthese studies.> The polymerization is very well behaved
and produces polymer which is soluble in the reaction
solvent (toluene) at molecular weights up to 500 000 (we
have used the pure enantiomer in these studies to avoid
stereoselection effects which would complicate the reaction
kinetics).® We thought that copolymerization of aryl
isocyanides with this monomer would solubilize the
reaction mixture by bringing the poly(aryl isocyanide)
chains into solution.” Also, the aryl isocyanides do not
undergo living polymerization but chain transfer exten-
sively, and so the addition of IT would hopefully reduce
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deleterious side reactions associated with chain transfer
(free-radical chemistry).?

To construct a Hammett o—p plot,? it was necessary to
obtain either the homopolymerization rate constants of
insertion of an aryl isocyanide into a polymer chain with
an ultimate aryl iminoacyl group (k4,a,) or the reactivity
ratios of the aryl monomers relative to the constant
comonomer (ra,).° In this polymerization system we were
fortunate in that II was considerably less reactive in
competition with the aryl isocyanides (although they have
comparable rate constants for homopolymerization).l° This
was determined by simultaneous measurement of mono-
mer concentrations versus time which showed that only
ca. 15% of II was polymerized at >85% conversion of any
of the arylisocyanides (Figure 1). These kinetic datashow
that, if the polymerization of both monomers is living,
then a taper block copolymer and not a random copolymer
will be produced. If the rate equations for loss of aryl
isocyanide under nitrogen and oxygen atmospheres (eqs
3 and 4) are examined, an assumption can be made that,
since kyj << ka,, very few catalyst centers are present with
IT ultimate groups ([II-cat] ~ 0). Therefore, it follows
that most active sites contain aryl iminoacyl ultimate
groups and [Ar-cat] =~ [cat]o ([catlo = initial catalyst
concentration). The approximated rate expressions that
result from this assumption are those given below (eqs 5
and 6) in which the desired quantity, Rara,, can be
determined directly without the need to measure reactivity
ratios.
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The validity of this kinetic approximation was checked
bytwomethods. First, we examined the copolymers using
gel permeation chromatography (GPC) to verify that the
aryl isocyanide polymerizes almost exclusively in the first
phase of the polymerization, and then, upon depletion of
aryl isocyanide, polymerization of II ensues. The distri-
bution observed for all aryl isocyanide copolymerizations
was bimodal, containing a narrow high molecular weight
peak and a broad low molecular weight peak (Figure 2).
If these were true copolymerizations or block copolymer-
izations, only a single peak for the copolymer would be
expected. The cause of the bimodal distribution is simply
that aryl isocyanides undergo chain-transfer reactions
whileII doesnot.2® Hence, at the beginning of the reaction
aryl isocyanide polymerizes almost exclusively, chain
transferring to produce a low molecular weight polymer
of broad molecular weight distribution. This polymeric
product consists almost entirely (ca. 85 % ) of aryl monomer
and is therefore almost a pure homopolymer. After
consumption of the aryl isocyanide, II remains almost
exclusively in the reaction mixture which then undergoes
living polymerization to produce a high molecular weight
polymer of narrow molecular weight distribution. This
polymeric product consists primarily of II and is also
almost pure homopolymer. Selective extraction of the
low molecular weight oligomer from the high molecular
weight polymer and NMR analysis of the resulting
fractions revealed that the monomers were indeed mostly
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Figure 1. Loss of monomer versus time for a feed mixture of

70% II and 30% Id using III under oxygen. The white squares
are for Id, and the black diamonds are for II.
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Figure 2. GPC trace of the polymer produced from a feed
mixture of 70% II and 30% Id using III under oxygen.

partitioned into the different fractions as predicted.
Hence, by the nature of the relative propagation rate
constants and the chain transfer reactions which occur,
the polymers produced from these “copolymerizations”
are more correctly viewed as mixtures of homopolymers
with some comonomer contamination.

The second method used to check the kinetic assumption
was comparison of ka-ar from copolymerization data with
one which could be accurately measured in a homopo-
lymerization reaction: that for Ibsince this polymerization
remains homogeneous. kasar for the copolymerization
(50% w/w each monomer) under oxygen was found to be
1.5 (2) X 102 571, and karar for the homopolymerization
was found to be 1.3 (1) X 10-2s1: the values are the same
within experimental error. Since our assumption appeared
valid, we utilized this convenient procedure for measuring
kacar to collect the data required to construct Hammett
plots under both nitrogen and oxygen atmospheres (Figure
3). We note that determination of rate constants at a
different initial composition (30% aryl isocyanide) gave
p values which were identical to those in Figure 2 within
experimental error.

Wehave shown that the nickel-catalyzed polymerization
of isocyanides undergoes a mechanism change upon
changing from a nitrogen to an oxygen atmosphere.’ As
can be seen from Figure 3, this is likewise reflected in the
effects of monomer substituents on the rate-determining
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Figure 3. Hammett plot for substituent effects on the monomer
under both nitrogen and oxygen atmospheres using III catalyst.
Composition is 50% by weight of each monomer.

step of the propagation reaction. Under oxygen, we have
proposed that the rate-determining step for chain prop-
agation involves a migratory insertion reaction at an
anionic nickel(I) center (eq 7).2 In this step, since the
NR
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metal center is electron rich (anionic) and insertion
reactions are facilitated by Lewis acidic centers, electron-
withdrawing ligands (i.e., coordinated monomers) should
greatly facilitate the reaction and p should be positive.
This can be visualized by drawing analogy to the carbox-
ylate ligand in IIT: when acetate is replaced with highly
electron-withdrawing trifluoroacetate, the rate of polym-
erization increases tremendously.!!

Under nitrogen, we have proposed the rate-determining
step shown in eq 8 where the metal center is reduced from
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nickel(IT) to nickel(I) by an incoming isocyanide.? Here
electron-withdrawing groups on the coordinated isocya-
nides and in the polymer chain should favor the reaction
(positive p), yet electron-withdrawing groups on the
isocyanide which is oxidized would strongly disfavor this
reaction (negative p). The observed negative p illustrates
that this isocyanide oxidation process is electronically very
significant in this reaction mechanism.

We have demonstrated that “copolymerization” reac-
tions in polyisocyanide synthesis can be used to easily
extract otherwise only difficultly obtainable kinetic data.
These data in turn were used to verify the predicted role
that monomer plays in the nickel-mediated polymerization
of isocyanides.
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