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ABSTRACT: Electrospray ionization mass spectrometry (ESI-MS) was used for the characterization of
oligomers which were prepared by ring-opening metathesis polymerization (ROMP) of methyl N-(1-
phenylethyl)-2-azabicyclo[2.2.1]hept-5-ene-3-carboxylate (1), employing molybdenum alkylidene initiators
of the type Mo(CH(t-Bu))(NAr)(OR), (Ar = 2,6-di(isopropyl)phenyl, R = C(CHz)s (1), C10H17 (I1), and CCHgz-
(CF3)2 (111)). ROMP was terminated with acetone/water (99/1, v/v), the solvent also used for ESI-MS.
The oligomers (2) had different alkylidene end groups derived from the active species: neopentylidene
(from the catalyst), isopropylidene (reaction with acetone) and (2-(methoxycarbonyl)-5-methyl-N-(1-
phenylethyl)pyrrolid-3-yl)methylidene (reaction with water, hydrogenation product). Metathesis equilibra-
tion and intramolecular reactions of the active species with ester groups, resulting in the formation of
cyclic products, were found. The influence of the initiator structure and the reaction time tg is discussed.

Introduction

The interest in special techniques of mass spectrom-
etry (MS) for the determination of the molecular weight
of synthetic oligomers and polymers has increased in
recent years. MS offers the advantage that the mass
and/or the mass distribution can be determined more
exactly than with other methods. Thus, detailed infor-
mation can be obtained for samples containing various
molecules with only small differences in mass. In
addition, some problems that occur with other tech-
niques can be avoided. In the case of size exclusion
chromatography, the problem is to find a suitable
standard polymer. In the case of multicomponent
mixtures, spectroscopic techniques can provide only a
superposition of the contribution of the components.

Suitable methods for the investigation of oligomers
or polymers by means of MS are “soft” ionization
techniques, for example laser desorption,! fast atom or
ion bombardment,23 or field desorption.* Recently,
“extrasoft” techniques have become important. Ex-
amples are electrospray ionization (ES1)>~° and under
suitable conditions matrix-assisted laser desorption/
ionization (MALDI).51011 These techniques primarily
result in the formation of pseudomolecular ions such as
[M + H]* or [M + Na]" with little or no fragmentation.
Multiple charged ions are also common (e.g., [M +
8H]®™), especially in ESI-MS. Thus ESI-MS, until now
mainly used successfully in biochemistry, allows inves-
tigation of thermally or chemically labile high molecular
weight compounds with quadrupole or magnetic sector
mass analyzers.

In this work, methyl N-(1-phenylethyl)-2-azabicyclo-
[2.2.1]hept-5-ene-3-carboxylate (1) was polymerized em-
ploying the molybdenum alkylidene initiators 1—111
(Chart 1) as described previously.1?2 Oligomers (2) were
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Chart 1. Molybdenum Alkylidene Initiators
I: R= —C(CH3)3
H,C CH CH

3 3 II: R- 5
Yy T o
“Mo= CHj 3
RG CHy
HC  CHy III: R= —CCH3(CF3)

obtained by using low molar ratios of [1]/[initiator].

bCOOCHS R 2
/ N _— n
CHa)\Ph CH,
P

1 2

>

Products 2 are not very stable thermally, but they are
soluble in nonpolar and polar solvents. Therefore ESI-
MS seemed to be the method of choice for investigation.

The aim of the present ESI-MS investigation was the
determination of the chemical structure of the end
groups R! and R? of oligomers 2. Furthermore, we
wished to investigate whether side reactions occurred
with monomer 1, the active species, or oligomers 2. The
reaction schemes presented below are a result of the
ESI-MS investigation. For products prepared by ROMP
employing molybdenum alkylidene initiators, corre-
sponding experiments with other analytical techniques
have been carried out in only a few cases.13-15

Experimental Section

A. Preparation of Samples. Various types of samples
containing oligomers 2 were prepared at 20 °C, employing the
initiators 1-111 and varying the reaction time tg. For the
assignment of the products, the indices I, I1, or 111 (giving the
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Table 1. Preparation of Samples of Oligomers 2:
Amounts of Initiator and Monomer 1 Used for the
Polymerization

molar ratio concn of

sample initiator, umol 1, umol [1]/[initiator] 1, mol/L
2is 27 155 6 0.15
21m 27 155 6 0.15
21 30 92 3 0.15
2us 22 155 7 0.15
2um 22 155 7 0.15
2L 15 101 7 0.14
2im,L 28 82 3 0.14

catalyst) and S (tr = 7 min), M (tg = 2 h), or L (tg = 7 days)
are used. For example, product 2, is the oligomer 2 obtained
with the catalyst | at tx = 2 h.

All polymerizations were carried out in a glovebox under
dry nitrogen at 20 °C. As a general procedure, monomer and
initiator (see Table 1), were dissolved separately in dry
benzene or benzene-ds (for NMR control in the long-term
experiments 2,., 2u,., and 2y;,). The two solutions were
mixed in a vial or an NMR tube. The decrease in the
alkylidene signal in *H-NMR was taken as evidence for the
consumption of active alkylidene species in the course of the
reactions.

After the set reaction time tg (7 min, 2 h, or 7 days), the
reaction mixture was diluted with acetone/water (99/1, v/v) to
a concentration of approximately 1 mmol/L (calculated on
monomer 1). Acetone or water terminate ROMP with molyb-
denum alkylidene initiators. In the 99/1 mixture, the water
content is low enough to avoid problems with respect to the
solubility of the samples, but high enough for a satisfactory
ionization in subsequent ESI-MS. We also tried 95/5 and 90/
10 mixtures, which lead to partial precipitation.

As shown below, traces of Na* in the acetone component of
the mixture took part in ESI (attachment of Na™ to molecules
M gave pseudomolecular ions [M + Na]*). For the samples
with the index S or M, e.g. 2,5 or 2, m, acetone purum p.a.
was used. For the investigation of the samples with the index
L, e.g. sample 2,, ., the acetone was freshly distilled from P,Os
to remove traces of Na*.

B. Mass Spectra. The spectra were recorded using a
standard Kratos electrospray ion source fitted to a Kratos
Profile double-focusing magnetic sector instrument with 2 kV
acceleration voltage. The m/z range recorded was 25—2400,
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Chart 2. Definition of Units in the Products

H,C CHy =CH CH=
H.C CH
CHy n CH Vg
R(B) It 8 —CH CHy H.C N
Mo= o GOCH,8
RO Pho o
K B A
H,C CH= H,C cH=  =CH CcH=
HoC. \Q/ \Q/
c= N or N N
’ H,C CH HC
HC S“Y coch,  Hacod T ° Y coch,
LIS 3 Ph Ph |l
Cc D A

the scan speed 10 s/decade, and the resolution 1700 (10%
valley definition). The potentials applied were 5.94 kV at the
spraying capillary, 3.15 kV at the cylinder, and 2.43 kV at the
end plate. The temperature of the electrospray ion source was
70 °C. The countercurrent flow of nitrogen was 50 mL/min.
A Harvard Apparatus 22 syringe pump was used to deliver a
constant solvent flow of 4 uL/min. The acetone/water solvent
mixture (99/1, v/v) used was most satisfactory for ESI-MS in
a series of experiments with different pure solvents and
mixtures.

The solutions were injected into the solvent flow of the
electrospray system 15 min after dilution with acetone/water
via a 100 uL sample loop. The signal-to-noise ratio was
improved by averaging the scans of a measuring time of 30
min. The m/z values in Tables 2—4 give the most intense peak
of any isotope distribution. The measured values of m/z
corresponded to these theoretical values for resolved peaks
within £0.1 amu and for unresolved peaks within +0.2 amu.
Only peaks with a relative intensity >1% are reported.

Results and Discussion

A. General. To facilitate description, the products
are formally subdivided into units ending in double
bonds. These units are K, B, A, C, D, and A’ (Chart 2).

The initiators 1-I11 are combinations of a unit
containing the molybdenum (K) and a neopentylidene
unit (B). Monomer 1 is polymerized forming dialky-

Table 2. Products Formed by Quenching Reactions of KA,B with Acetone or Water: lons Observed in the ESI Mass
Spectra of Different Samples of 2 (See Figures 1-7)

relative intensity in sample

ions obsd n m/z 2|'s 2|,|\/| 2|,|_ 2||,3 2II,M 2||_|_ 2|||,|_

[DARB + H]* 0 330.2 6 15 45 6 62 10 82
1 587.4 100 67 50 100 87 11 75
2 844.5 81 22 23 33 42 10 17
3 1101.7 44 6 7 13 13 6 5
4 1358.8 19 3 2 5 8 2 1
5 1615.9 7 2 3 3
6 1873.1 3 2 1
7 2131.2 1

[DARB + Na]* 0 352.2 3 6 4 22
1 609.4 38 17 19 10
2 866.5 18 4 6 3
3 1123.7 7 1 6 2
4 1380.8 2 2
5 1637.9 1 2

[CAB + H]*" 1 370.3 12 49 10 37 28 3 8
2 627.4 38 100 12 13 11 4 2
3 884.6 23 36 4 4 7 1
4 1141.7 16 16 2 2 3 1
5 1399.0 3 5 1 2
6 1657.0 4 2 1 1
7 1914.1 2
8 2171.3 1

[CAMB + Na]* 1 392.3 5 4
2 649.4 4 8 2 1
3 906.5 3 2 1
4 1163.7 3 1
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Scheme 1. Quenching Reaction of KA,B with Acetone or Water

H,C. CHy

water

Table 3. Products Formed by Metathesis Equilibration:
lons Observed in the ESI Mass Spectra of Different
Samples of 2 (See Figures 2, 3, 5, and 7)

relative intensity in sample

ions obsd n m/z 2Im 2L VATRY 2im,L

[BAB+H]" 1 3983 7 96 27
2 655.5 3 100 24
3 912.6 1 58 5
4 1169.7 22 2
5 1427.9 7 2
6 1685.0 2

[CAC+H]" 1 3422 14 1
2 599.4 1 18 2 6
3 856.6 6

[DALC +H]* 1 559.4 4

Table 4. Products Formed by Reactions Involving the
Ester Group of the Monomeric Unit (Metathesis
Cyclization): lons Observed in the ESI Mass Spectra of
Different Samples of 2 (See Figures 5-7)

relative intensity in sample

ions obsd n m/z 2||,M 2||,|_ 2|||,L

[AAB + HI* 1 5694 100 100 100
2 8265 70 84 32
3 1083.7 28 56 7
4 13408 11 31 2
5 1598.9 4 16 1
6 1856.1 3 1
7 21132 1

8 23704
[AAB +2H]? 2 41358
3 5423
4 6709
5  800.0
6 9286
7 1057.1
8 1185.7
9 131458
10 14433
11 15719
12 17005
13 1829.0

e
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lidene units A. The growing polymer chain is KALB.
The part K is removed in various termination reactions.

Quenching of the reaction with acetone gives an
oligomer with an isopropylidene end group C. When
the oligomerization is quenched with water, the CH=
in the terminal monomer unit A next to unit K is

HaG CHy
CHy  HC CH,
) N CH, H,yC n
ROl
O\y|0=o ' H3C\( COCH
RO Ph I 3
CApB
HoC CH,
CH
3
HyC 1
n-
T OHC N HiC N
Y goor, [ coon,
Ph T

DAp-1B

Scheme 2. Metathesis Equilibration
K=A=A=A=A=B + K=A=B K=A=A=A=K + B=A=A=B

KA4B KAB KA3K BA2B

acetone/water

C=A=A=A=C + D=A=A=C 4+ D=A=D
CA3C DA2C DAD

transformed to CH3; and an end group D results. The
guenching reaction of KA,B with acetone or water
giving the products CA,B and DA,-iB is shown in
Scheme 1. The ions observed in the ESI mass spectra
corresponding to these products are listed in Table 2.

In addition, metathesis equilibration reactions have
been found, resulting in intermediates KA,K and prod-
ucts BA,B. Reactions of KA,K with acetone/water
should lead to products CA,C, DA,-1C and —not found
in this work—DA,—2D. An example of this reaction
sequence is given in Scheme 2. The ions observed in
the ESI mass spectra corresponding to these products
are listed in Table 3.

Further, an oxygen atom may be removed from the
carbonyl group of A in a side reaction of the active
species with A so that the trialkylidene group A’ results.
Intramolecular reaction of the active species with the
carbonyl group of a repeating unit leads to cyclization.
As an example of a metathesis cyclization, the formation
of the sequence A,A'B is shown in Scheme 3. The
cyclized product is also termed A,A'B below. As far as
we know, such reactions involving ester groups during
ROMP with molybdenum alkylidene initiators have not
yet been considered. However, molybdenum alkylidene
complexes are known to react readily with aldehydes
or ketones.'® Thus reactions with esters, of course at
much lower rates, can be expected. Furthermore, it is
known from titanium complexes, which also initiate
metathesis reactions, that esters can be transformed
into vinyl ethers.’® The ions observed in the ESI mass
spectra corresponding to products containing unit A’ are
listed in Table 4.

We found single- and double-charged pseudomolecular
ions only (M + H]™, [M + Na]*, [M + 2H]2"), as might
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Figure 1. ESI mass spectrum of sample 2, s (for m/z assign-
ment of ions [DA.B + H]*, [DA.B + Na]*, [CA.B + H]*, and
[CA.B + Na]*; see Table 2). Inset: expanded view of the mass
region m/z 560—690 ([DAB + H]* (587.4), [DAB + Na]*
(609.4), and [CA;B + H]" (627.4)).

milz

Scheme 3. Metathesis Cyclization of the Sequence
AnA'B

ApnA'B

be expected for a solvent mixture with only 1% water,
and because of the molecular weights which are rela-
tively low for ESI conditions.

B. ESI Mass Spectra. Initiator I, tg =7 min. In
this experiment, the polymerization was stopped before
all monomer 1 was consumed. Figure 1 shows the ESI
mass spectrum of sample 2, s.

The most intense signal was found at m/z = 587.4.
The charge of this ion, identified by the isotope peaks,
was z = 1. The ion is interpreted as [DAB + H]", the
protonated product of the reaction of KA;B with water
(Scheme 1). The spectrum shows a series [DAB + H]*
of corresponding oligomers with values of n up to 7 (see
Table 2).

Another sequence of ions, found at m/z = 370.3, 627.4,
etc., was identified as [CA,B + H]". The highest value
of n observed was 8. This sequence results from
reactions with acetone (Scheme 1). The relative inten-
sities of the series [CA,B + H]*™ and [DA,B + H]" show
that the reaction of KA,B with water is faster than with
acetone.l® A comparison of the intensities is possible
since the chemical structure of the polymer backbone
of both series is equal and dominates the behavior
during the ESI process.
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Figure 2. ESI mass spectrum of sample 2, (for m/z assign-
ment of ions [DAnB + H]*, [DA.B + Na]*, [CA.B + H]*, [CA.B
+ Na]*, [BA:B + H]*, and [CA,C + H]*; see Tables 2 and 3).
Inset: expanded view of the mass region m/z 560—690 ([DAB
+ H]* (587.4), [DAB + Na]* (609.4), [CA2B + H]* (627.4), and
[CA;B + Na]* (649.4)).

Furthermore, a series at m/z = 609.4, 866.5, etc. was
found corresponding to ions of the type [DA,B + Na]*.
It is well known that even very low concentrations (<1
ppm) of cations like sodium can cause ionization of
organic molecules during the ESI process. In the
present case, the acetone purum p.a. was the source of
the sodium ions.

In addition, some products were found with lower
intensities, for example the series m/z = 483.3, 740.5,
and 997.6 (probably [DALB + H]* where one phenyl-
CH(CHg3s) group was removed, giving a secondary amine
in the polymer backbone). These products are not
discussed here, since they are not essential to compare
the reactivity of the different initiators.

Initiator I, tr = 2 h. The results with sample 2 u,
shown in Figure 2, should give information about
reactions occurring shortly after the end of the polym-
erization reaction.

DAB and CA,B were found to be the most important
products. DA,B was identified by [DA,B + H]" and
[DA.B + Na]*, and CA,B by [CAB + H]* and [CA.B +
Na]*.

The relative intensities of [DALB + H]* and [CA,B +
H]* were different in 2, s and 2, . While [DAB + H]*
was the most intense series of sample 2;s, the most
intense series of sample 2, was [CARB + H]*, although
both reaction mixtures were diluted with the same
mixture of acetone/water.

In comparison with 2; s, for sample 2, the fraction
of oligomers with higher polymerization degree n is
decreased. This can be explained by a slow metathesis
equilibration of the oligomers according to Scheme 2,
as soon as monomer 1 is consumed completely. Some
products (especially BALB) that should be obtained by
metathesis equilibration can be found in the ESI mass
spectrum in Figure 2, but their relative intensities are
very low.

Initiator I, tr = 7 days. The ESI mass spectrum
obtained for sample 2, is shown in Figure 3. To avoid
ionization by Na™, freshly distilled acetone was used
instead of acetone purum p.a.

The most intense signal of the spectrum, interpreted
as [BA;B + H]*, was found at m/z = 655.4 (z = 1).
Other ions of the sequence [BAB + H]* (with n from 1
to 7) were also found (see Table 3).
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Figure 3. ESI mass spectrum of sample 2, (for m/z assign-
ment of ions [DA.B + H]*, [CAnB + H]*, [BAnB + H]*t, [CA.C
+ H]*, and [DA,C + H]*; see Tables 2 and 3). Inset: expanded
view of the mass region m/z 540—690 ([DAB + H]* (587.4),
[CA2B + H]* (627.4), and [BA:B + H]* (655.5)).
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Figure 4. ESI mass spectrum of sample 2,, s (for m/z assign-
ment of ions [DA,B + H]*, [DA.B + Na]*, [CA.B + H]*, and
[CAnB + Na]* see Table 2). Inset: expanded view of the mass
region m/z 560—680 ([DAB + H]* (587.4), [DAB + Na]* (609.4),
and [CA:B + H]* (627.4)).

Three ions which can be interpreted as [CA,C + H]"
were observed (n = 1-3). Only one ion corresponding
to [DALC + H]* was found, namely [DAC + H]™ at m/z
= 559.4 with approximately 4% relative intensity. It
was not possible to find products of the type [DA.D +
H]*.

These results show that equilibration according to
Scheme 2 occurred. But the ratio of BA,B to CA,C and
corresponding products implies that the main fraction
of BA,B should have been formed by bimolecular
decomposition of the active species.13

The sequences [DA.B + H]*™ and [CA.B + H]* were
also observed.

Initiator 11, tg = 7 min. Figure 4 shows the ESI
mass spectrum obtained for sample 2;;s. The results
are similar to those obtained for 2;s. The oligomeric
products identified are [DA,B + H]*, [DA,B + Na]*,
[CAB + H]*, and [CA.B + Na]*, respectively. The
relative intensities found for oligomers with increasing
n decreases in comparison with sample 2,s. On the
other hand, the sample still contained high amounts of
monomer 1, identified as [1 + H]" and as [1 + Na]*. In
contrast to this, monomer 1 was detected only at low
concentration in sample 2, s which can be explained by
different reactivities of the initiators I and 11.7
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Figure 5. ESI mass spectrum of sample 2,;m (for m/z
assignment of ions [DA,B + H]*, [DA.B + Na]*, [CA.B + H]",
[CA.B + Na]*, [CA.C + H]*, [ALA'B + H]Y, and [A/A'B +
2H]%"; see Tables 2—4). Inset: expanded view of the mass
region m/z 530—680 ([AA'B + H]* (569.4), [DAB + H]* (587.4),
[DAB + Na]* (609.4), and [CA;B + H]* (627.4)).
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Figure 6. ESI mass spectrum of sample 2, (for m/z assign-
ment of ions [DAnB + H]*, [CA.B + H]*, [AWA'B + H]*, and
[AnA'B + 2H]?*; see Tables 2 and 4). Inset: expanded view of
the mass region m/z 540—690 ([AA'B + H]" (569.4), [DAB +
H]* (587.4), [CA:B + H]" (627.4), and [A/A'B + 2H]?>" (670.9)).

Initiator 11, tx = 2 h. The results obtained for
sample 2, are reproduced in Figure 5. 2, contained
a new type of oligomer that was not detected in the
samples described above. A series with m/z = 569.4
(base peak of the spectrum), 826.5, etc. was found. The
highest mass corresponding to this series was found at
m/z = 2113.2 (see Table 4). This series can be inter-
preted as [A,A'B + H]* resulting from metathesis
cyclizations according to Scheme 3. The sequence A,A'B
with higher values of n could also be interpreted by
An1A'AB, A, ,A'A;B, etc., or by a mixture of these
compounds. In the following, we describe all corre-
sponding ions as A,A'B.

The reaction of the ester groups seems to occur only
at the end of the polymerization, when the concentration
of monomer 1 has already been sufficiently decreased,
but is faster than the metathesis equilibration observed
for the samples prepared employing initiator 1.

The ions known from sample 2,, s were also found,
namely [DA,B + H]', [DA.B + Na]*, [CA.B + H]*, and
[CAB + Na]*.

Initiator 11, tg = 7 days. The results obtained for
sample 2, are shown in Figure 6. The ESI mass
spectrum shows that 2, consists predominantly of
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Figure 7. ESI mass spectrum of sample 2, (for m/z
assignment of ions [DALB + H]*, [CA.B + H]*, [BAnB + H]",
[CALC + H]', and [AWA'B + H]*; see Tables 2—4). Inset:
expanded view of the mass region m/z 540—680 ([AA'B + H]*
(569.4), [DAB + HJ* (587.4), [(A’'B)A'B + H]* (623.5), and
[BA;B + H]" (655.5)).

oligomers of the type [AWA'B + H]™. The relative
intensity of oligomers with rising n increases in com-
parison with the results found for sample 2, m. The
doubly charged ions at m/z = 413.8, 542.4, 670.9, 800.0,
etc., correspond to [ALA'B + 2H]?". The highest value
of n observed for this series was 13.

The sequences [DA,B + H]*™ and [CA,B + H]* were
again found, but with reduced intensity. No products
giving evidence for a metathesis equilibration were
observed. Thus the long-term behavior of ROMP with
initiator 1 and initiator 11, respectively, is different.

Initiator 111, tr = 7 days. Among the initiators used
in the present investigation, initiator 111 is the most
reactive in ROMP.2° It is known from on-line NMR
investigations that at a ratio of [1]/[initiator] = 400, full
conversion is obtained within less than 2 min. For this
reason, only the long-term experiment was carried out.

The ESI mass spectrum obtained for sample 2y, is
reproduced in Figure 7. The ion found at m/z = 569.4
(base peak) belongs to the sequence [ALA'B + H]™.

Oligomers [DAB + H]* (e.g. for n =1 at m/z = 587.4)
resulting from the reaction of KA,B with water were
found.

The sequence resulting from the reaction with acetone
instead of water (e.g. [CA2B + H]" at m/z = 627.4) was
also found, but only with very low intensity.

Further products observed result from metathesis
equilibration. Examples are [BA.B + H]" (e.g. for n =
2 at m/z = 655.5) or [CA.C + H]* (forn=2at m/z =
599.4).

Nearly all additional ions of the spectrum can be
interpreted assuming an increased reactivity of initiator
111 toward ester groups. It has to be mentioned that
the ratio of the rate constants of propagation to initia-
tion, ky/k;, is in the range of 50 for this system. Thus
about 70% of unreacted initiator remains after full
conversion of the monomer. If, for example, the cyclic
product AA'B reacts with the initiator KB on the
residual ester group, (A'B)A'B should be obtained. The
protonated ion [(A'B)A'B + H]* has a calculated m/z of
623.46. This corresponds very well with one of the most
intense peaks observed at m/z = 623.5. If one monomer
unit A is added to (A'B)A'B, the cyclic product A(A'B)-
A'B is obtained. Consequently, another signal found at
m/z = 880.6 can be interpreted as [A(A'B)A'B + H]*
(calculated m/z 880.60). A further reaction of the ester
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group in A(A'B)A'B with KB would give the product
(A'B)3. A corresponding protonated ion was found at
m/z = 934.6 (calculated m/z 934.68). The ion found at
m/z = 641.5 can be interpreted as [D(A'B)B + H]"
(calculated m/z 641.47), etc.

Conclusions

The samples prepared by ROMP of monomer 1
employing the initiator I, I, or 111, respectively, and
using short, medium, or long reaction times tgr, were
found to be complex mixtures of oligomeric compounds.
Significant differences between the samples were ob-
served depending on the initiator employed and on tg.

Products typical for the reaction of the active species
with ester groups of the monomeric unit were found
when initiator 11 was employed. The reaction with ester
groups was found to be faster than the metathesis
equilibration, observed for initiator I. For initiator 111,
both metathesis equilibration and reaction of the active
species with ester groups were observed.

The results are of general interest for ROMP, since
these side reactions can occur immediately after full
conversion of the monomer, and have an important
influence on the product distribution.
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