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Abstract

Enantiomerically pure (1) and racemic (2) methyl-N-(1-phenylethyl)-2-azabicyclo[2.2.1]hept-5-ene-3-carboxylate were
found to undergo ring opening metathesis polymerization reactions employing molybdenum alkylidene initiators of the type
Mo(CH-t-Bu)}(NArXOR), (Ar=2,6-C4H ;-i-Pr,; R = C(CH,);; C(CH,),CF,; CCH;(CF;),) in various aprotic solvents.
Chain transfer by terminal olefins such as 1-octene leads to a decrease in molecular weights which can be correlated to the
amount of chain transfer agent added. In this way oligomers can be prepared with lower initiator consumption. The presence
of alkylidene signals in the "H-NMR spectra and the possibility of chain transfer by acyclic olefins strongly confirm the
assumption of a molybdenum alkylidene intermediate as a propagating species in a living polymerization. From the dramatic
effect the presence of even small amounts of guinuclidine added as complexing agent has on the polymerization rate of (1)
employing (III), we assume, that there is hardly any complexion of the initiator by the nitrogen of the monomier, otherwise
the polymerization of (1) should be very slow or even impossible. The stereochemistry of the polymers can be correlated
with the electron withdrawing effect of the initiator’s alkoxide ligands. Fluorinated ligands at the initiator lead to polymers
with increasing cis-vinylene content. There is no significant effect of the solvent’s polarity on the stereochemistry of the
resulting polymers.
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1. Introduction ably slower or even zero due to some interac-
tion with the electrophilic center of the metathe-
sis catalyst. Metathesis of acyclic olefins con-
taining functional groups has been found to give
respectable conversion rates if one or more
methylene groups are interposed between the
double bond and the functional group [2], and
now there is a wide variety of cyclic functional-
ized monomers that undergo metathesis reac-
tions including anhydrides [3,4], cyclic imides
[5], nitriles [6,7], esters [1,4], halogens [8.9],
* Corresponding author. silanes and siloxanes {10].

Since the discovery of the olefin metathesis
reaction there has been an intensive search for
catalysts tolerating functionalities [1]. In con-
trast to the high polymerization rates observed
for all-hydrocarbon monomers such as nor-
bornene or dicyclopentadiene, the rates ob-
served for cyclic alkenes containing nucleo-
philic functionalities are sometimes consider-
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Molybdenum alkylidene complexes of the
type Mo(CH-t-Bu)(NAr)(OR), (Ar = 2,6-
C¢H;-i-Pr,; OR = various alkoxides and phe-
noxides) have proved to be useful initiators for
the living ring-opening metathesis polymeriza-
tion of cyclic olefins [11,12]. Many monomers
containing functionalities have been polymer-
ized successfully employing these initiators giv-
ing polymers with low polydispersities [13].
Since the metal-carbon double bonds of these
initiators show electrophilic character, there is
not only interaction between them and the
strained double bonds of the monomers but with
donor functionalities such as carbonyl groups,
nitriles and amines as well. Nitrogen with its
lone electron pair is a very nucleophilic atom,
therefore cyclic olefins with nitrogen containing
functionalities such as nitriles and amines turned
out to be difficult to polymerize by ROMP.
There have been some recent examples of
metathesis reactions of nitrogen containing sub-
strates [14], but polymerization of 2-azanorbor-
nene derivatives gave only low conversion rates
and small amounts of soluble polymers [15]
using classic metathesis catalysts such as
WCl,/Lewis-acid systems.

In this paper we report the successful poly-
merization of enantiomerically pure and
racemic methyl-N-(1-phenylethyl)-2-
azabicyclo[2.2.1]hept-5-ene-3-carboxylate which
are easily available by an asymmetric Diels—-Al-
der reaction [16]. Ring opening metathesis poly-
merizations employing Mo(CH-t-
Bu)(NAr)(OR), with R = C(CH,),,
C(CH ,),CF,, C(CH,)(CF,), in various solvents
lead to polymers of varying stereoregularity
which can be seen as a kind of protected
poly(amino acid). In contrast to proteins the
hydrocarbon backbone of these polymers makes
them more stable and resistant to hydrolytic
agents. Olefinic bonds could be used for further
derivatizing or crosslinking reactions, so the
stereoregular optically active polymers could be
useful compounds for analytical or chiral induc-
ing purposes.

As observed in previous works with other

monomers [17,18], the reactivity of the metal—
carbon double bond towards carbon-carbon
double bonds and the microstructure of the re-
sulting polymers are extremely dependent on
the nature of the alkoxide ligands.

For investigations on the stereoregularity of
polymers derived from asymmetric monomers it
is very helpful to use pure enantiomers because
then there are only four possible regular struc-
tures which have to be identified whereas there
are eight different dyad structures for polymers
from racemic mixtures [19]. Stereochemistry of
the optically active polymers can be determined
by "C-NMR [20] and 'H-COSY, whereas poly-
mers obtained from racemic monomers are
rather irregular and therefore show overlapping
signals. In situ generated molybdenum-vin-
ylalkylidene complexes can be good initiators
too [21,22], so if the monomer is reactive
enough, regulation of the molecular masses via
chain transfer by terminal olefins should be
possible. Thus, low molecular weight polymers
may be produced with small amounts of initia-
tor required. Addition of certain amounts of
1-octene to this monomer solution can reduce
the polymer chain lengths from 200 down to the
oligomer range [23].

Four-coordinate complexes of the type
Mo(CH-t-Bu)(NAr)(OR), with R =C(CH,),,
C(CH,),CF,, C(CH,XCF,), form five-coordi-
nate adducts upon addition of PMe, or quinucli-
dine [24]. Therefore these donor-ligands reduce
the metathesis-activity of the initiators very ef-
fectively. The decrease in polymerization rate
might be seen as a qualitative indication for the
scale of interaction between the complexing
agent and the initiator. Nucleophilic interaction
of the monomer’s donor-functionalities by com-
parison with quinuclidine is qualitatively inves-
tigated by addition of various amounts of quinu-
clidine to the initiator before polymerization.
Even small amounts of quinuclidine added slow
down the polymerization reaction of the 2-
azanorbornene derivative substantially, so we
assume that there can be only little interaction
between the nitrogen in the fast polymerizing
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monomer and the electrophilic center of the
initiator.

2. Results
2.1. Polymerization reaction

To our knowledge this is the first report of
the successful ring opening metathesis poly-
merization of a 2-azanorbornene derivative us-
ing transition metal-alkylidene initiators.
Methyl-N-(1-phenylethyl)-2-azabicyclo[2.2.1]-
hept-5-ene-3-carboxylate (Scheme 1) undergoes
metathesis reactions (Scheme 2) readily with
each of the employed molybdenum-alkylidene
initiators Mo(CH-t-Bu)(NAr)(OR), with R =
C(CH,); (), C(CH,),CF, (ID), C(CH,)(CF;),
(III) in aprotic solvents such as benzene,
chlorobenzene, dichloromethane, toluene and
THF (Table 1).

Polymerizations of the pure enantiomer (1)
and the racemate (2) gave full conversion with
each initiator in each solvent. The polymers
were isolated by precipitation from methanol.

All the polymers prepared were very soluble
in toluene, dichloromethane, acetone or THF,
polymers having molecular weights lower than
about 15 X 10* could not even be precipitated
from methanol. Therefore, to avoid systematic
errors due to a loss of the low molecular weight
fraction, GPC measurements were done by in-
jecting the diluted polymerization solution. Ab-

/%/COOCH3
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(1) pure enantiomer () R=BuU
() R=C(CH3),CF,
() R= CCH5(CFj);

(2) racemate

Scheme 1. Monomers and employed initiators.
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)\ E{—)\p COOCH;

Scheme 2. Ring opening metathesis polymerization of (1),

sence of the monomer signal was taken as a
sign of full conversion. Increasing molecular
weights can be correlated with higher ratios of
monomer /initiator as is expected for a living
polymerization. There were no remarkable ef-
fects of the solvent on the stereochemistry of
the obtained polymers, but polymerizations oc-
curred at lower rates in THF.

Polymers with rather low polydispersities
were obtained using (I) in various solvents,
even though GPC measurements showed that
they were strongly bimodal. Long polymeriza-
tion times led to an increasing bimodality of the
polymers, this was observed especially in poly-
merizations using initiator (I). The peak at high
molecular weight always shows twice the
molecular mass compared to the main peak.
This is ascribed to a decomposition of two
active centers after full consumption of the
monomer, leading to a combination of two
growing chains. The reasons for this are not
completely clear, several possibilities have been
considered in the literature [25].

Polydispersities were highest with (III). This
initiator was the most reactive one, polymeriza-
tion times were very short (<2 min for a
monomer /initiator ratio = 360 in benzene-d,
determined by online-'H-NMR) so we assume
that the polymerization reaction was much faster
than the first insertion step and therefore this
polymerization system was not to be called
really ‘living’ in its narrowest sense, as not all
chains are started at the same time.

To obtain an overview of the rate of chain
propagation relative to the initiation step the
ratios of rate constants were determined by
'H-NMR (Fig. 1).
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Table 1

Gel permeation chromatographic analysis on poly-(1) prepared by (I), (II), (I in various solvents

Initiator Molar ratios of Solvent * M, found Polydispersity
monomer to initiator (M, x 10”* g /mol) M,/M,)

o 50 a 19 1.18 bimodal

o 100 a 3.6 1.16 bimodal

o 200 a 6.8 1.19 bimodal

o 100 b 38 1.15 bimodal

o 100 c 2.6 1.22 bimodal

o 100 d 2.7 1.85 bimodal

() 50 a 1.35 1.25

aIm 100 a 271 1.18

an 200 a 5.11 1.19 bimodal

am 50 a 22 1.26

(m) 100 a 3.0 1.44

{m 200 a 7.4 1.45

? a = chlorobenzene, b = toluene, ¢ = THF d = dichloromethane.

According to literature [26], k,/k; can be with I#0 and r=4k_ /k;, M and I are the
calculated. For given concentrations of monomer actual concentrations of monomer and initiator
(M,), and initiator (1) there is respectively. After polymerization of a given

low quantity of monomer there is M — O and

O < I, (I = concentration of unreacted initiator
M-M,=(1- r)(I—1y) +rly In(1/1,), (1) after full conversion of the monomer).

——

L 1 i s 1 1 1 1 ) 1 ) 1 1
12.4 12.0 11.9 i1.8 11.7 11.6 11.5 11.4 11.3 11.2 11.1

Fig. 1. Alkylidene region in 300 MHz proton NMR at the polymerization of 1 equivalent of (1) employing (I), signal of the unreacted
initiator at 11.23 ppm.
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Transformation of the equation above leads
to:
kp/ki = ("MO/IO =1/l + 1)

/(n(1/1)) —1/1,+1). (2)
Values for k,/k; must be considered as rather
rough estimates due to relatively low accuracy
in determination of M,/I, by weighing and
difficult integration of the spectra, especially for
the fast polymerizing initiator (III), but they
show the clear tendency, that k /k; increases
with the reactivity of the initiator (ITII) > (II) >
(D (Table 2).

When polymerization of (1) initiated by (III)
was carried out in presence of acyclic olefin
(e.g. 1-octene) the polymers produced had sig-
nificantly lower molecular weights than the
polymer produced in absence of the chain trans-
fer agent. Increasing amounts of chain transfer
agent led to a decrease in molecular weights
down to the oligomer range (Fig. 2).

For this investigation various amounts of 1-
octene were added to the monomer solution
before polymerization. The chain transfer
agent/monomer ratios were varied at a constant
monomer /initiator ratio. Molecular weights
were determined by GPC measurement of the
diluted polymerization solution.

The coherency between M, and the
monomer /initiator ratio as well as the possibil-
ity of chain transfer by acyclic olefins and the
alkylidene signals in the "H-NMR spectra
throughout the polymerization reaction are
strong evidence for a living polymerization of
(1) and (2) via formation of new molybdenum—
alkylidene complexes.

Table 2
Determination of &, / k; at the polymerization of (1) by "H-NMR

Initiator My /1, /1 k, / ki
(0] 1.21 0.43 2.3
D 1.01 0.46 2
an 1.13 0.60 6.5
() 1.17 0.61 7.5
(Im 1.06 0.82 47
(Im 3.13 071 55

509

454

s
=
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1-octene / monomer

Fig. 2. Decrease of molecular weights as a function of the
1-octene /monomer ratios (monomer (1) /initiator (IT1) = 238).

Interaction of the electrophilic center of the
initiator with free donor functionalities leads to
five coordinate complexes [24] with reduced
reactivity towards strained olefinic double-
bonds. To understand the extent of interactions
between the alkylidene complex and the tertiary
amine of the monomer, the initiator (III) was
allowed to react with several amounts of quinu-
clidine to give M o(CH -t-
Bu)}NAr)(OCCH 4(CF;),),(quin) before the
monomer was added. Online-NMR investiga-
tions showed that polymerization occurred at
reduced rates as increasing amounts of quinucli-
dine were added (Fig. 3). This and the high
polymerization rate of the monomer in absence

10 {./o /‘,4/‘ ——

a8 o/ ‘/‘ //

/ e

o J v/
‘g a6 [ '/ g
‘w / —e— b
] oﬁ /v —a—
% 14 —v—d

=f [

a0

0 o » a2

t/min

Fig. 3. Conversion rates at the polymerization of (1) employing
(III) in presence of various amounts of quinuclidine at monomer
(1) /initiator (IID) = 100 investigated by online-NMR in benzene-
de. (a) quin /(IID) = 0; (b) quin/(ITD) = 1; {c) quin /(I = 2; (d)
quin/(IH) = 5.
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of complexing agents lead us to the conclusion
that there is very little interaction between the
initiator and the nucleophilic functionalities of
the monomer.

2.2. Stereochemistry of the polymers

Investigations on the stereoregularity of the
polymers were made by “C-NMR in CDCl,;.
For assignment of signals in the polymers spec-
tra we used the notational system as for the
monomer. Interpretation of the spectra is diffi-
cult, because this polymer shows different shifts
for C-1, C-5 and C-6 than the other investigated
polymers due to the nitrogen in position 2.
Additionally, the important signals of C-1 and
C-4 overlap other signals (Ph—CH-Me, respec-
tively C7). So the only free and useful signals
are (CH,~CH) (15-22 ppm) and C-ipso (143-
146 ppm), but they seem to be sensitive to
meso / racemic-splittings rather than to cis/
trans. Integration of the DEPT spectra of C-4
can be used only as a cross check, because there
is always some distortion of the area overlapped
by signals of carbons with different multiplicity.

For polymers of symmetric 2,3-disubstituted
norbornadienes there are four possible regular

c, meso ¢, meso

X X X X X X
cis, isotactic

¢, rac. ¢, rac.

cis, syndiotactic

trans, isotactic

X,

x L meso
&

trans, syndiotactic

Scheme 3. Possible structures for tactic polymers from 2,3-dis-
ubstituted norbornadienes.

cis, HT, isotactic

cis, TT, syndiotactic

:—/{\ t, meso t, meso N—P\______

N

trans, HT, isotactic

trans, TT, syndiotactic

Scheme 4. Four possible regular structures for enantiomerically
pure 2-azanorbornene-derivatives.

structures (Scheme 3). The cis, isotactic poly-
mers have olefinic protons, which are equiva-
lent by virtue of a mirror plane passing through
the cis,meso double bond. In the cis, syndiotac-
tic polymer there is a C, axis that passes through
the cis,racemic double bond. In both polymers
a plane also passes through the methylene car-
bon and the midpoint of the C=C bond of each
cyclopentene ring. Therefore, cis, highly tactic
polymers with either tacticity would be ex-
pected to exhibit only one olefinic resonance.
Using the same arguments on frans, tactic poly-
mers one can conclude that they should also
show only one olefinic resonance [27].

The situation becomes more difficult, as soon
as nonsymmetric monomers are used, because
starting from racemic mixtures of the monomer,
there are eight possible dyad structures, whereas
only four structures are possible for polymers
derived from pure enantiomers.

For cis, tactic polymers prepared from non-
symmetric, enantiomerically pure monomers
(Scheme 4) there are no mirror planes any
more, the two olefinic protons are nonequiva-
lent and therefore show two different reso-
nances. For the cis, syndiotactic polymer there
is still a C, axis passing through the midpoint
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of each double bond of the polymer backbone the cis, syndiotactic polymers are expected to
whereas there is no symmetry operation that show two olefinic resonances related to the two
relates one set of equivalent olefinic protons to sets of equivalent olefinic protons, but they
the other set of olefinic protons. Accordingly, should not be coupled. In the cis, isotactic

®
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Fig. 4. 100.58 MHz "*C-NMR spectra of poly-(1) prepared with initiator (2) (I), (b) (II), (c) (IIT).
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Fig. 5. 400 MHz 'H COSY NMR spectrum of P (1) /(ID).

polymer the two nonequivalent protons are situ-
ated on one double bond and therefore should
be coupled.

BC spectra of polymers of (1) polymerized
by (III) (P (1) / (IIX)) show a single set of lines,
therefore they have to be completely stereoregu-
lar. Comparison of the C-4 resonances to those
of other polynorbornenes suggests that this
polymer is completely cis (Fig. 4c).

The 'H COSY of P (1) / (II) (Fig. 5) shows
clearly that the olefinic protons at & 4.8 ppm
and 5.1 ppm are coupled and must therefore be
in an asymmetrical environment, i.e. head—tail
(HT). In the 1H—spectrum recorded at 200 MHz
the two olefinic protons each give triplets, being
coupled more or less equally to the other olefinic
proton and to the adjacent proton on the ring (J
about 9 Hz). Hence there is no doubt, that P
(1) /(IID) is all head—tail and, since it is made
from a single enantiomer, must therefore be
isotactic [28].

Table 3
BC.NMR investigation on the microstructure of the polymers
prepared in chlorobenzene

Initiator Monomer a, * (%) Tacticity

D (¢)) 35 Atactic

(010} mm 85 Mainly isotactic
am @) >98 > 95% isotactic
® 63 20 Atactic

an (¢ 70 Atactic

am 03] 80 Atactic

* Accuracy +5% due to overlapping signals.

P (1) /(D and P (1) /(ID (Fig. 4a and 4b)
are less stereoregular. P (1) /(I) is mainly trans
(0, = 0.35), atactic and P (1) / (ID) is mainly cis
(0, = 0.85), mainly isotactic. Polymers of the
racemate are atatic and show slightly higher
trans content (Table 3).

There is no significant influence of the poly-
merization solvent on the stereochemistry of the
polymers.

3. Experimental
3.1. Monomer synthesis

Enantiomerically pure and racemic methyl-
N-(1-phenylethyl)-2-azabicyclo[2.2.1]hept-5-
ene-3-carboxylates were synthesized by an
asymmetric Diels—Alder reaction [16].

3.30 g (27.4 mmol) Methylglyoxylatehemiac-
etale was dissolved in 100 ml of
dichloromethane with 25 g molecular sieve A3
and cooled to 0°C. Then 3.5 ml (29 mmol)
R-(+)-phenylethylamine (pure enantiomer) was
added dropwise and stirred at 0°C for 2 h. The
mixture was cooled to —50°C and treated with
2.0 ml (26 mmol) trifluoroacetic acid and 3.20
ml (26 mmol) borontrifluoride etherate. After
10 min 2.5 ml (30 mmol) freshly cracked cy-
clopentadiene precooled to —30°C) were added
dropwise. The reaction was quenched after 7 h
by extraction with saturated sodium hydrogen
carbonate solution, the organic phases were dried
over sodium sulphate and solvent evaporated.
The monomer was isolated by chromatography
using cyclohexane /ethylacetate = 50 /1 giving
4.3 g (17 mmol) as colourless oil. Recrystalliza-
tion from petroleum ether gave 2.98 g (11.6
mmol) (45% relative to TFA) of methyl-N-(1-
phenylethyl)-2-azabicyclo[2.2.1]hept-5-ene-3-
carboxylate (1) as white needles. mp: 45°C,
[@]® = —112.3 (1.995, CHCl,).

The racemic monomer (2) was prepared in
an analogous manner: mp: 60°C 'H-NMR
(CDCl;, 200 MHz) (1) & 7.33-7.12 (5H, m,
aromatics), 6.45-6.35 (1H, m, H-5), 6.30-6.20
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(1H, dd, H-6), 4.31 (1H, s, H-1), 3.35 (3H, s,
OCH,), 3.03 (1H, g, Ph-CH-Me), 2.90 (1H, s,
H-4), 2.21 (1H, s, H-3), 2.10 (1H, d, H-7,,,),
1.42 (1H, d, H-7,,,), 1.41 (3H, d, CH-CH )
BC-NMR (CDCl,, 50.3 MHz): 175.0 (CO),
1452 (C-ipso), 136.7 (C-6), 1332 (C-5),
128.9-128.2 (C-ortho, meta), 127.3 (C-para),
65.2 (C-3), 64.2 (Me-CH-Ph), 62.9 (C-1), 51.7
(C-4), 49.3 (OCH ,), 45.8 (C-7), 22.8 (CH-CH,,)

3.2. Polymerizations

All polymerizations were performed under
nitrogen atmosphere in a dry box. Solvents (apart
from benzene-d, and dichloromethane) were
distilled from sodium/potassium alloy under
nitrogen. Dichloromethane was distilled from
phosphorous pentoxide under nitrogen, ben-
zene-d, was passed through a column of basic
alumina oxide under nitrogen.

Polymers for NMR investigations on the mi-
crostructure were prepared by addition of 200
mg of monomer dissolved in approximately 100
wl of THF, toluene or chlorobenzene to a solu-
tion of 2 mg of initiator dissolved in 100 wl of
the same solvent. After 30 min polymerizations
were quenched by addition of 30 wl of benzai-
dehyde. Polymers were precipitated from ethanol
and dried in vacuum. NMR spectra were in
CDCl,.

For GPC measurement the calculated amount
of initiator standard solution (5 mg/ml) was
added to the monomer solution (100 mg/ml).
After 20 min polymerizations were quenched by
benzaldehyde, diluted with dry THF and di-
rectly used for measurement. Molecular weights
were determined by comparison with
polystyrene standards.

3.3. Polymerization of (1) in presence of chain
transfer agent

100 mg (0.039 mmol) (1) were dissolved in
the calculated amount of 1-octene standard solu-
tion containing 2.5 wt.% 1-octene in chloroben-
zene. Final volumes were 1 ml by the addition

of chlorobenzene; then 0.3 ml of the initiator-
standard solution containing 1.15 mg (0.00163
mmol) of (III) was added. After 1 h polymer-
izations were quenched by benzaldehyde and 20
wl of the solutions were diluted with THF to 2
ml and used for GPC measurement.

3.4. Determination of the ratio of k,, 10 k,

This investigation was done by integration of
the alkylidene-region in the '"H-NMR spectra.

Approximately 10 mg of initiator (1,) were
dissolved in benzene-d, and added to a solution
of the calculated amount of (1) (M,). After 30
min the ratio of 7/, was obtained by measur-
ing the ratio of unreacted neopentylidene to
total alkylidene resonances.

'H-NMR (CDCl,, 400 MHz), P (1) /(11D &
7.1-7.3 (5H, m, aromatics), 5.2 (1H, H-5), 4.8
(1H, H-6), 4.1 (1H, H-1), 3.9 (1H, Ph-CH-Me),
3.7 (3H, OCH3), 3.3 (1H, H-3), 2.9 (1H, H-4),
2.5 (1H, H-7,,,), 1.2 (3H, CH-CH,), 1.1 (1H,
H-7.,) apart from aromatics, all signals appear
as broad singlets.

“C-NMR (CDCl,, 100 MHz) P (1) /(IID)
175.3 (CO), 145.6 (C-ipso), 133.3 (C-6), 132.2
(C-5), 127.7-127.6 (C-ortho, meta), 126.6 (C-
para), 67.5 (C-3), 57.6 (C-1), 57.4 (Me-CH-Ph),
51.3 (OCH,), 39.5 (C-7), 38.9 (C-4), 20.1 (CH-
CH,).

3.5. Kinetic measurement in presence of quinu-
clidine

In a dry box three standard solutions were
prepared containing: (a) 5 mg (0.0071 mmol) of
(IIT) in 1.00 ml benzene-d,; (b) 4 mg (0.036
mmol) quinuclidine in 2 ml benzene-d; (¢) 120
mg (0.466 mmol) (1) in 1.2 ml benzene-d,,.

The calculated amount of (b) was added to
110 w1 of (a) in a 5 mm NMR tube and allowed
to react for 10 min. After that 200 pi of (¢)
were injected through a septum and conversion
rates were determined by online NMR at room
temperature.
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