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ABSTRACT: Kinetic and mechanistic studies have been performed on the cobaloxime-mediated catalytic
chain transfer polymerization (CCTP) of tert-butyl methacrylate (t-BMA) and dimethyl itaconate (DMI)
in order to further elucidate the role of monomer substituents in the hydrogen-abstraction reaction. The
studies on t-BMA, which include a pulsed-laser polymerization study for the determination of the
propagation rate coefficient, are inconclusive insofar that they cannot unambiguously distinguish between
possible monomer viscosity effects and direct steric interactions between the substituents at the radical
center and the cobalt catalyst in the hydrogen-abstraction reaction. Studies on the CCTP of DMI included
1H, 13C, COSY, NOESY, HMQC, and HMBC NMR studies of a mixture of DMI oligomers, which showed
that the hydrogen abstraction occurs preferentially from the a substituent of the radical center rather
than from the backbone yielding predominantly E isomers. The low chain transfer rate coefficient for
DMI is conceivably caused by steric hindrances as a result of the large substituents.

Introduction

Over the past 2 decades, catalytic chain transfer
(CCT) has been established as a convenient synthetic
route to macromonomers.t Although many studies have
been performed on the mechanism of CCT, certain
aspects still remain open to conjecture. In a number of
recent publications the possibility that the CCT reaction
rate is diffusion-controlled has been discussed.?~® The
experimental evidence to support a diffusion-controlled
hypothesis in methacrylate polymerization comes from
a number of sources. First, the CCT reaction in meth-
acrylates is assumed to be a bimolecular radical—radical
interaction leading to H-abstraction, with a measured
rate coefficient of about 107 dm® mol~t s™1; similar
radical—radical disproportionation reactions in free-
radical polymerization, characterized by similar rate
coefficients, are known to be diffusion-controlled.” Sec-
ond, the experimental Arrhenius parameters for the
chain transfer coefficients for methyl (MMA), ethyl
(EMA), and butyl methacrylate (BMA) are consistent
with diffusion control.2 Third, variations in the mea-
sured chain transfer constants (Cs) for different co-
baloximes have been tentatively explained by differ-
ences in the cross-sectional area of these square planar
complexes, with larger cobaloximes displaying lower
chain transfer constants.® Finally, there is a significant
difference in Cs for a homologous series of n-alkyl
methacrylates, with Cs decreasing in magnitude as the
ester chain length increases.?26910 |t was found that
all studied methacrylates in our group to date (with
monomer viscosities ranging from 0.37 to 2.50 cP at 60
°C),236 with the exception of 3-[tris(trimethylsilyloxy)-
silyl]propyl methacrylate (where poor control of experi-
mental conditions prohibited careful kinetic studies),
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display a roughly inverse relationship between the chain
transfer rate coefficient (ki) and the monomer viscosity

(eq 1)

k = Cgk ~ constant ()

trnmonomer pnmonomer

where #monomer 1S the bulk monomer viscosity and k; is
the propagation rate coefficient. Subsequent studies in
which bulk viscosity was changed by addition of high
molecular polymer (i.e., causing a viscosity increase) and
by addition of a low viscosity solvent (i.e., causing a
viscosity decrease) showed that changes in bulk medium
viscosity do not change the chain-transfer rate.®° This
in turn has led to the conclusion that microscopic effects
on the molecular scale are responsible for the observed
changes in chain transfer rate coefficient with changing
substituents in the methacrylate. The available experi-
mental data to date do not allow for a discrimination
between the two possibilities that these changes are
caused by changes in microscopic viscosity (i.e., changes
in monomeric friction coefficient; this argument has
been used to explain the behavior of the termination
rate coefficient, k¢'12) or by specific interactions be-
tween the ester group and the cobalt center as previ-
ously suggested by Myronichev et al.®

The aim of the current work is to broaden the
experimental database for the CCT reaction and to
further probe the influence of monomer structure. To
minimize any possible interference from cobalt—carbon
bond formation,13-15 we selected tert-butyl methacrylate
(t-BMA) and dimethyl itaconate (DMI) for our current
studies as both monomers lead to tertiary propagating
radicals. Both monomers contain bulky, and sterically
demanding, side groups, and if any substituent effects
other than microscopic viscosity effects are operative,
we expect them to be observable in these systems. Since
our primary concern is the elementary chain transfer
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reaction (k) and our measurable observable is the chain
transfer constant (Cs), we need reliable k, data. This
information has recently been published for DMI, but
the available k, data for t-BMA are subject to some
uncertainty;'® therefore, we reinvestigated the propaga-
tion rate coefficient of t-BMA by pulsed-laser polymer-
ization (PLP).

Experimental Section

Materials. tert-Butyl methacrylate (t-BMA) (Aldrich, 98%)
was initially passed through a column of activated basic
alumina to remove inhibitor. It was further purified by low
conversion polymerization with AIBN at room temperature
under UV radiation prior to vacuum distillation. Dimethyl
itaconate (Aldrich 99%) was distilled under reduced pressure.
The first fraction was discarded, the second was crystallized
and was ground into powder. The initiators used, azobis-
(isobutyronitrile) (AIBN) and benzoin, were recrystallized from
methanol. High purity nitrogen (BOC) was used for sparging.
Benzene (Univar) was used as received. The catalytic chain
transfer agent, bis[(difluoroboryl)dimethylglyoximato]cobalt-
(1) (COBF) was prepared according to the published method
of Bakac et al.t”

Molecular Weight Analyses. Molecular weight distribu-
tions were determined by size exclusion chromatography (SEC)
using a Shimadzu LC-10 AT VP pump, a Shimadzu SIL-10AD
VP Autoinjector, a column set consisting of a Polymer Labo-
ratories 5.0 um bead-size guard column (50 x 7.5 mm) followed
by three linear PL columns (A 10°% 104 and 10%), and a
Shimadzu RID-10A differential refractive index detector.
Tetrahydrofuran (BDH, HPLC grade) was used as eluent at 1
mL/min. Calibration of the SEC equipment was performed
with narrow poly(methyl methacrylate) standards (Polymer
Laboratories, molecular weight range: 200—1.6 x 106). The
Mark—Houwink—Kuhn—Sakurada constants used were K =
5.84 x 10°5dL g% o =0.760 and K = 46.5 x 10°°dL g7}, a
= 0.510 for p(t-BMA)*® and p(DMI)*° respectively. Low con-
centration samples of poly(t-BMA) (2.5 mg/mL) and poly(DMI)
(400 mg of reaction mixture/mL) were formulated in THF for
analyses.

Pulsed Laser Polymerization of t-BMA. Monomer and
initiator were charged into reaction tubes (10 mm diameter,
60 mm in height), sealed with septa and deoxygenated by
sparging the solution with high purity nitrogen for 5 min. The
tubes were equilibrated in a water bath at the required
reaction temperature prior to laser exposure. The polymeriza-
tions were initiated by a pulsed Nd:YAG laser (Continuum
Surelite 1-20) with a harmonic generator (Surelite SLD-1 and
SLT in series), which was used to produce the 355 nm UV laser
radiation, and a wavelength separator (Surelite SSP-2), which
isolates the 355 nm beam. Pulsing frequencies of 6.67, 10, and
20 Hz were used. The reaction mixtures were quenched with
hydroquinone and dried to constant weight under vacuum. The
conversions were kept below 5% in all experiments.

Determination of Chain Transfer Constants. A single
batch of COBF, with a chain transfer constant of 28 x 10% in
MMA at 60 °C, was used for all experiments described in this
paper. The general procedure for the chain transfer experi-
ments with t-BMA was as follows: (i) reaction times of 15 min
at 60 °C and 80 min at 40 °C were used, and (ii) the AIBN
concentration was kept at 0.71 mg/mL t-BMA with [COBF]/
[t-BMA] between 2.39 and 8.89 x 10~’. Since DMI has a
melting point of 37—40 °C, the experimental method for DMI
had to be modified as standard syringe techniques could not
be used with bulk DMI. First, the initiator solution was
prepared by addition of powdered DMI (15 g) and AIBN (0.025
g) to a 100 mL Schlenk flask which was subsequently sealed
with a septum prior to evacuation and purging with nitrogen
(repeated 5 times). Deoxygenated benzene (10 mL) was then
added, and the resultant slurry was gently heated until a
homogeneous solution was formed. The catalyst solution was
prepared by adding COBF (1.6 mg) to a 50 mL Schlenk flask,
which was subsequently evacuated and purged as described
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above, after which deoxygenated methanol (15 mL) was added.
Five reaction ampules, modified for use with Schlenk equip-
ment, were evacuated and purged, and catalyst solution (100—
500uL) was added. These ampules were then subjected to
reduced pressure to facilitate the removal of methanol, leaving
behind a known amount of COBF. To each of these flasks,
initiator solution (4 mL) was added. The ampules were then
sealed and placed in an isothermal water bath at 60 °C for 30
min. Subsequently benzene was removed from the reaction
mixtures under reduced pressure. Conversions were main-
tained below 6% in all experiments.

Preparation of DMI Oligomers for NMR Analysis.
Powdered DMI (6 g), COBF (0.009 g) and AIBN (0.0108) were
placed in a Schlenk modified reaction ampule. The flask was
evacuated and flushed with nitrogen (repeated 5 times), after
which it was sealed and placed in an isothermal water bath
at 60 °C for 52 h. Final monomer conversion: ~66%.

Determination of Viscosity and Density of t-BMA and
DMI/Benzene. The viscosity of t-BMA monomer was deter-
mined using an A sized Ostwald viscometer immersed in an
isothermal water bath. The viscometer was calibrated using
known values for the density and viscosity of water. Densities
of the t-BMA monomer and the DMI/benzene solution were
determined using an Anton Paar DMA 5000 density meter.
The density meter was calibrated with freshly boiled distilled
water and air using known densities at 20, 40, and 60 °C. The
monomer was degassed using an ultrasonic bath prior to
measurement.

Matrix-Assisted Laser Desorption lonization—Time-
of-Flight (MALDI—TOF) Mass Spectrometry. MALDI
analyses were either carried out using positive ion detection
on a Perseptive Biosystems, Voyager DE RP instrument
operated in reflectron mode or a Kratos Kompact 111 MALDI—
TOF MS operated in linear mode. The matrix used was 2,5-
dihydroxybenzoic acid (DHB, 10 mg), with NaCl (1 mg) as the
cation source. The matrix and cations were dissolved in 1 mL
of a methanol/water mixture (1/1 v/v). The analyte polymers
were dissolved in tetrahydrofuran at a concentration of ap-
proximately 5 mg mL~%. Equal parts of the matrix and polymer
solution were mixed together and deposited on the target slide
and stirred until dry.

Nuclear Magnetic Resonance. NMR spectra were re-
corded on a Bruker DMX 600 instrument with a TXI probe.
The sample contained an approximately 20% solution of the
DMI oligomers prepared by CCT as described above. Spectra
recorded included a gradient DQF—COSY to correlate J-
coupled protons, NOESY to correlate protons that were
spatially close (<5 A) to each other, gradient HMQC to
correlate protons with directly bound °C nuclei, and gradient
HMBC to correlate protons with *C nuclei two or three bonds
away. All spectra were acquired in pure phase using standard
procedures, the HMBC experiment being acquired with echo/
antiecho phase discrimination. The proton spectral width was
typically 4195 Hz. For the gradient DQF—COSY, 512 x 4096
points were collected with 2 scans per increment, an acquisi-
tion time of 488 ms, and a recycle delay of 7 s. Parameters for
the NOESY were as per the COSY except with 8 scans per
increment and the mixing time was 600 ms. The gradient
HMQC was acquired with 1024 x 2048 points and 2 scans
per increment, an acquisition time of 244 ms and a recycle
delay of 2 s. The F; spectral width was 22637 Hz. The gradient
HMBC was acquired with 1024 x 4096 points and 2 scans per
increment, an acquisition time of 244 ms and a recycle delay
of 2 's. The F; spectral width was 22637 Hz. Spectra were zero
filled by a factor of 2 in F, and four in F; before processing.
90° shifted squared-sine bell apodization functions were ap-
plied in both dimensions of spectra except for F, or the HMBC
where it was shifted 60°. Chemical shifts are relative to
residual CHCI; set to 7.26 ppm for *H and relative to CDCl;
set to 77.0 ppm for 13C. Assignments are as follows (see Figures
8 and 9).

Species A. 'H NMR: 6.776 (s), alkene; 3.13, 3.20 (CH_, AB,
J = 13 Hz); 2.79, 2.39 (CHy, AB, J = 16.9 Hz); 1.221 (s), CHa.
BC NMR: 175.1, 171.5, 165.8, 167.4, 143.8, 129.0 (CH), 44.4,
41.8 (CHy), 35.2 (CHy), 21.8 (CHs5).
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Species B. 'H NMR: 6.728 (s), alkene; 3.35, 3.30 (CH,, AB,
J ~ 13.0 Hz); 2.79, 2.28 (CH;, AB, J = 15.8 Hz); 2.78, 2.71
(CHy, AB, J ~ 17 Hz); 2.49, 2.06 (CH,, AB, J = 14.9 Hz); 1.131
(s), CHs. BC NMR: 176.3, 174.4, 171.1, 165.7, 167.3, 143.1,
129.0 (CH), 47.9, 43.6, 45.5 (CH,), 36.9 (CH,), 43.4 (CH,), 34.2
(CHy), 20.7 (CHy).

Species C. 'H NMR: 6.715 (g, J = 1.6 Hz), alkene; 2.225
(d, J ~ 1.6 Hz), CHs. *C NMR: 167.5, 166.3, 143.6, 127.4 (CH),
14.5 (CHs).

Species D (partial only). 'H NMR: 6.712 (s), alkene; 3.36,
3.24 (CHy, AB, J = 13.2 Hz); 1.297 (s), CHs. 3C NMR: 167.6,
165.8, 143.8, 129.1 (CH), 33.7 (CH,), 22.5 (CHs).

Species E. 'H NMR: 6.626 (g, J = 1.7 Hz), alkene; 2.225 (d,
J = 1.7 Hz), CHg3; *C NMR: 166.2, 164.0, 149.3, 129.7 (CH),
11.3 (CHa).

Species F (partial only). *H NMR: 5.855 (t, J ~ 1.0 Hz),
alkene; 2.77, 2.72 (CH,, AB, J ~ 14 Hz); 1.221 (s), CHa. 3C
NMR: 168.6, 164.9, 144.8, 125.0 (CH), 44.1, 41.6 (CH,), 22.5
(CHsy).

Species G (partial only). *H NMR: 5.802 (q, J = 1.7 Hz),
alkene; 1.999 (d, J = 1.7 Hz), CHg3; *C NMR: 169.4, 145.8,
120.6 (CH), 20.7 (CHj3).

Species H (partial only). *H NMR: 5.773 (t, J ~ 1.0 Hz),
alkene; 3.02, 2.89 (CH;, AB, J ~ 13.0 Hz); 2.73, 2.28 (CHy,
AB, J ~ 16 Hz); 2.37, 1.99 (CHy, AB, J = 14.5 Hz); 1.118 (s),
CHs. 13C NMR: 174.1, 168.8, 145.0, 124.8 (CH), 43.6, 45.1
(CHy), 41.6 (CH,), 43.4 (CH,), 34.2 (CHJ>), 20.3 (CHs).

The methoxy resonances were not assigned due to a high
degree of overlap, but there are resonances in appropriate
places for all species listed in Figure 9.

Results and Discussion

1. Catalytic Chain Transfer Polymerization of
t-BMA. The catalytic chain transfer behavior of t-BMA
was studied in an attempt to distinguish possible
substituent and viscosity effects on the chain transfer
rate. As a reference system we can use n-BMA, which
has a viscosity similar to that of t-BMA (vide infra), but
a less sterically demanding ester group. If interactions
between the substituent and the cobalt center are
important, then a decrease in the k¢ for the t-BMA
system can be expected.

(a) Viscosity and Density Measurements. The
density of t-BMA was measured using an Anton Paar
DMA 5000 density meter in the temperature range 22—
60°C and was found to adhere to the relation

p=1.1748 — 1.014 x 10T 2)

where p is the density in g cm™2 and T is the temper-
ature in K. The viscosity of t-BMA was determined using
an Ostwald viscometer at 60 °C and was found to be
0.53 cP.

(b) Propagation Rate Coefficient of t-BMA. Since
the only experimentally accessible kinetic parameter for
chain transfer is the chain transfer constant, Cs, and
we wish to study directly the chain transfer rate
coefficient, k¢, it is necessary to have information about
the propagation rate coefficient of t-BMA. Although
propagation rate coefficients for t-BMA have been
reported previously,'® the results are subject to uncer-
tainty; the reported Arrhenius parameters do not ap-
pear to follow general trends observed in the methacry-
late series of monomers.2%21 Since this work preceded
the consistency checks that are now realized to be
essential for reliable PLP data, a reassessment of t-BMA
propagation data is desired. We therefore measured the
propagation rate coefficient of t-BMA using PLP in the
temperature range 22—60 °C.
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Figure 1. Typical molecular weight distribution generated
in a pulsed-laser experiment of t-BMA at 40 °C using benzoin
as initiator and a pulsing frequency of 10 Hz.

Table 1. Experimental PLP Data for t-BMA

[M] [1l pulsing first second
temp (mol  (mg freq inflectn inflectn  k,(dm?3
(°C) init2 L) mL1) (Hz) (amu) (@amu) mol-ts™1)

22 A 616 161 10.00 26250 51218 300
22 A 616 097 10.00 26413 51246 302
22 A 616 094 6.67 38483 74629 293
22 B 6.16 1.07 10.00 27052 52064 309
30 A 610 111 1000 32817 63577 378
30 A 610 192 10.00 32846 63187 379
30 A 610 1.18 6.67 48651 48651 374
30 B 610 098 10.00 33568 63964 387
40 A 6.03 0.77 10.00 42842 82339 500
40 A 6.03 0.88 6.67 62557 121494 486
40 A 6.03 175 20.00 22431 43336 523
40 A 6.03 126 10.00 42850 82675 500
40 B 6.03 115 10.00 43242 83228 504
50 A 596 132 10.00 54436 105178 643
50 A 596 1.00 20.00 28689 540981 677
50 A 596 155 10.00 53969 106468 637
50 B 596 123 10.00 53825 106212 635
60 A 589 163 20.00 35764 68643 855
60 A 589 090 10.00 67634 130857 808
60 A 589 100 20.00 36181 68337 865
60 B 589 171 20.00 35171 66161 840

a |nitiator: A = AIBN; B = benzoin.

A typical molecular weight distribution obtained from
a PLP experiment is shown in Figure 1. Inflection points
were found to be independent of initiator type and
concentration, overtones are observed at multiples of the
primary peak, and k, was found to be independent of
pulsing rate. Thus, the consistency checks recommended
by an IUPAC working party2°—22 have been satisfied. A
summary of the PLP results are shown in Table 1,
where it should be noted that k, was determined from
the first inflection point. Figure 2 shows the Arrhenius
plot of the data presented in Table 1, and yields an
activation energy, E,, of 22.1 kJ mol~! with a preexpo-
nential factor, A, of 2.4 x 10% dm3 mol™ s If we
compare these Arrhenius parameters with those of
n-BMA2 and i-BMA? (see Table 2), it can be seen that
all three monomers have comparable activation energies
(as expected from the similar electronic nature of the
monomers). The preexponential factor for t-BMA, how-
ever, is around 80% of the value found for i-BMA and
about 66% of that for n-BMA; this observation is
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Table 2. Experimental PLP Data for n-, i-, and t-BMA
kp (L mol~ts71)

monomer solvent A (L mol~'s™1) E,(kJ/mol) 40°C 60°C

n-BMAZ  bulk 3.80 x 108 22.9 576 976
i-BMAZ  bulk 3.17 x 108 22.5 564 947
t-BMA2 bulk 2.40 x 108 22.1 503 836
t-BMA  bulk 2.51 x 107 27.7 601 1140

a2 This work.

Table 3. Chain Transfer Constants of t-BMA at 40 and 60

°C
temp (°C) Cs? CsP convn (%)

40 16.3 x 103 18.6 x 103 1.9-1.3
40 13.7 x 103 14.2 x 103 1.8—-1.0
40 11.1 x 103 13.6 x 103 1.9-1.0
40 13.8 x 103 15.5 x 103 1.8-0.7
40 13.7 x 103¢ 15.5 x 103¢

60 13.3 x 103 14.7 x 103 3.4-2.6
60 13.3 x 103 14.0 x 103 3.4-27
60 15.0 x 103 16.8 x 103 3.3-25
60 14.6 x 103 15.9 x 103 3.3-25
60 14.3 x 103 13.9 x 103 3.2-25
60 14.1 x 103d 15.1 x 103d

a Chain transfer constant determined using the Mayo method
based on M. P Chain transfer constant determined using the Mayo
method based on My/2. ¢ Average value at 40 °C. 9 Average value
at 60 °C.

consistent with an increased steric hindrance caused by
the bulky ester group.

(c) Chain Transfer Constant Determination of
t-BMA. A total of nine experiments, each of four
different catalyst:monomer ratios, were carried out, five
at 60 °C and four at 40 °C; these data are presented in
Table 3. Typical molecular weight distributions obtained
are shown in Figure 3. All molecular weight distribu-
tions show polydispersity indices of around 2, consistent
with a chain transfer dominated chain stopping mech-
anism and conversion also decreases with increasing
concentration of COBF, consistent with earlier observa-
tions in CCT studies.?*25 The chain transfer constant
was determined by the Mayo method (Figure 4) and has
a value of about 15 x 103 at 60 °C, i.e., about 50% of
that in MMA. In Table 4, the values for the product
Cskpimonomer for t-BMA, n-BMA, and MMA are com-
pared; it should be noted that there are minor variations
to the numbers quoted previously,? because values of
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Figure 3. Molecular weight distributions of a typical Cs
experiment of COBF with t-BMA (60 °C, [COBF]/[ t-BMA] =
(2.39—-8.89) x 1077)
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Figure 4. Mayo plot from the molecular distributions shown
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Table 4. Relationship between Viscosity and Chain
Transfer Constant

temp viscosity kp (L
monomer  (°C) Cs? (cP) mol=ts™1)  Cskpy
t-BMA 60 15.1 x 103 0.53 836 6.7 x 108
n-BMA 60 16.1 x 103 0.55 976 8.6 x 106
MMA 60 28.1 x 103 0.37 833 8.6 x 106

2 Chain transfer constant based on M/2.

ko, have been adjusted to those given by an IUPAC
recommendation.? It is clear from the data in Table 4
that the product CsKpnmonomer for t-BMA is lower than
the other two values. Considering the scatter in the used
chain transfer constants this variation lies on the
borderline of significance. On one hand, the result may
indicate that the relationship between monomer viscos-
ity and chain transfer constant is more complex and
deviations become more evident when the molecular
structure is altered (Cs ~ 19 x 102 for t-BMA is required
to give the same product as for n-BMA and MMA; this
high value for Cs appears to be outside the experimental
range). On the other hand, the 20% reduction in kg for
t-BMA as compared to that of n-BMA is consistent with
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Figure 5. Molecular weight distributions of a Cs determina-
tion experiment of DMI with COBF (60 °C, [COBF]/[DMI] =
0, 2.06 x 107% to 1.04 x 1079
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Figure 6. Mayo plot for the Cs determination of DMI with

COBF (60 °C, [COBF]/[DMI] = 2.06 x 107 to 1.04 x 107%).

a more hindered transition state for the H-abstraction
reaction. The steric hindrance results in a frequency
factor for t-BMA propagation which is about 66% of that
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Table 5. MALDI-TOF Assignments of DMI Oligomers

species mass (exptl) mass (theor)
(DMI)sNat 813.12 813.98
(DM1)eNat 971.76 972.18
(DMI)7Na* 1130.00 1130.38
1—(DMI)sNa*t not observed 880.98
I—(DMI)gNa* not observed 1039.18
1—-(DMI)7Na* not observed 1197.38

in n-BMA, and if the involved transition state in the
current hydrogen abstraction is similar to that previ-
ously studied in organic radical systems, then similar
steric substituent effects in H-transfer and propagation
are expected, with a slightly smaller effect in the
H-transfer reaction.?® However, at this point, we feel
that both arguments are too speculative to dismiss
either of the two proposed mechanisms.

2. Catalytic Chain Transfer Polymerization of
Dimethyl Itaconate. In an attempt to enhance any
possible interactions between the substituents in the
radical and the cobalt catalyst we studied the highly
hindered monomer DMI. This monomer was found to
have both a low kp,*° attributed to a low value for A
caused by steric hindrance and a very low value for the
termination rate coefficient k; of about 10> dm3 mol—!
s~1, which displays a virtually chain-length independent
behavior.?” The latter observation is in clear contrast
with the behavior of k¢ in common monomers such as
MMA, where termination is diffusion-controlled and Kk
shows a chain-length dependence.228 Irrespective of the
exact nature of the reduced k; in DMI polymerization,
itis clear that the large substituents affect the dynamics
of the termination reaction, and it is therefore conceiv-
able that similar effects may be operative in the
hydrogen abstraction reaction. Since there should be no
interference from cobalt—carbon bond formation, this
system is ideal for the study of substituent effects.

(a) Viscosity and Density Measurements. The
density of the DMI/benzene (1.72:1 w/w) solution, used
in chain transfer constant measurements, was deter-
mined to be 1.015 g mL~1 at 22 °C. The viscosity of DMI
at 60 °C was estimated using an Ostwald viscometer.
We were unable to measure the viscosity accurately as
the DMI started to polymerize during the measure-
ments. As an upper limit of the viscosity at 60 °C we
found a value of 1.62 cP.

(b) Chain Transfer Constant Determination of
DMI. The chain transfer constant of DMI in benzene
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Figure 7. MALDI-TOF spectrum of DMI oligomers (DHB/NaCl matrix).
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Figure 8. 600 MHz *H NMR spectrum of the alkene region
of DMI oligomers prepared by CCT. Used solvent is CDCls.
Peak labels correspond to the structures shown in Figure 9.

at 60 °C was determined via the Mayo equation to be
7.3 x 103 from M, data and 9.5 x 103 from M,,/2 data
(two experiments); molecular weight distributions and
Mayo plots of these experiments are shown in Figures

pathway |
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5 and 6, respectively. From the chain transfer constant,
a value of about 2.6 x 105 dm® mol~* s~ is obtained for
ktr, which is around 2 orders of magnitude lower than
for MMA with COBF at 60 °C. If this decrease were only
caused by a simple (monomer) viscosity effect, the DMI
viscosity would have to be 2 orders of magnitude higher
than that of MMA, which is clearly not the case (monomer
< 1.62 cP, vide supra). Furthermore, since DMI forms
a highly hindered tertiary radical, the formation of
carbon—cobalt bonds, with an accompanying decrease
in Cs, is virtually impossible.> Hence the low value for
Cs (and ky) is conceivably caused by steric hindrance
arising from the large substituents on the radical. This
hindrance may be a direct interaction between the
radical substituents and the cobalt center® or may
reduce the segmental mobility within the radical caus-
ing a reduction in the segmental diffusion rate.®

(c) Mechanistic Aspects. To further investigate the
low Cs for DMI and whether the chain transfer process
is similar to that in the methacrylates, we studied the

A (R =H, Dimer - E isomer)

B (R = H-DMI, Trimer - E isomer)

D (R = H-DMI, 5, Tetramer, Pentamer - E isomer)

pathway I

F (R = H, Dimer - Z isomer)

H (R = H-DMI, Trimer - Z isomer)

J (R =H, Dimer - E isomer)

K (R = H, Dimer - Z isomer)

Figure 9. Possible chain transfer paths for DMI macroradical with COBF: (a) pathway | corresponds to hydrogen abstraction
from the a-substituent; (b) pathway Il corresponds to hydrogen abstraction from the polymer backbone. The oligomeric species
shown correspond to possible structures in the NMR spectra of the oligomers studied.
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Figure 10. Expanded region of the DQF—COSY spectrum of
DMI oligomers showing correlations between alkene and
aliphatic protons. Annotated with normal 'H NMR spectra
along each axis.

structures of oligomeric DMI molecules produced via
CCT (see Experimental Section) using MALDI-TOF
and NMR analysis. The number-average molecular
weight of the studied oligomers was determined by SEC
(M, =536), H NMR (M, = 623) and MALDI-TOF (M,
= 824; see Figure 7). The observed differences are
caused by the fact that all three methods employed had
an inherent flaw: (1) SEC is expected to give inaccurate
results as the refractive index is not independent of
molecular weight for these low molecular weight poly-
mers;?° (2) NMR, where M, was obtained by using the
ratio of methonate (3.5—3.8 ppm) protons to the vinylic
proton (6.7—6.9 ppm), yields an underestimate for M,
because monomer could not be effectively removed from
the oligomers (the polymer is too low in molecular
weight to be precipitated, while the monomer has too
high a boiling point for evaporation); (3) MALDI-TOF
gives an overestimation as the dimer peak was not
included in the calculation of M. Overall we can state
that the average chain length of the prepared oligomers
is about 4—5.

Figures 7 and 8 show that the same CCT process is
operative with DMI as with previously studied mono-
mers. The 'H NMR spectrum (Figure 8) shows the
existence of vinylic protons, indicating that chain growth
is stopped via the abstraction of a hydrogen atom.
Multiple vinyl peaks are observed between 6.7 and 6.9
ppm, which correspond to dimer (6.9 ppm), trimer (6.75
ppm), and larger unresolved oligomers (6.7 ppm). The
reasonable agreement between the values of M, ob-
tained by MALDI, NMR and GPC is a further indication
that all chains contain a vinyl end group. Proof of
initiation by hydrogen atoms (i.e., the second charac-
teristic of the “traditional” CTT mechanism303l) is
provided by the MALDI spectrum of the oligomers.
Figure 8 clearly shows that all peaks correspond to
oligomers initiated by hydrogen and that the series of
peaks corresponding to initiation by AIBN fragments
are absent (Table 5).

A further interesting aspect of the CCTP of DMI is
the position of the vinyl group in the chain end. It is a
well-known fact that the abstracted hydrogen in the
CCTP of methacrylates originates from the o-methyl
group of the terminal unit in the radical, whereas a
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Figure 11. Expansions of the HMBC spectrum of DMI
oligomers, showing (above) cross-peaks between alkene protons
and aliphatic carbons (note lack of correlation to a methyl
carbon for proton labeled A for example) and (below) cross-
peaks between methyl protons and all carbons (note general
lack of correlations to any alkene carbons in the 100—150 ppm
region). Spectrum is annotated with normal H (F;) and 3C
NMR (F,) spectra.

hydrogen is abstracted from the g-carbon in the back-
bone of the propagating radical in the case of sty-
rene.3%3% It is not a priori clear where hydrogen abstrac-
tion would occur in a propagating DMI-derived radical,
as two sterically hindered methylene groups are present
in the S-position to the radical. The two possible routes
of hydrogen abstraction are shown in Figure 9. It is clear
that hydrogen abstraction from C! is less hindered than
from C", but it is still quite hindered. Furthermore,
possible electronic effects are likely to be different: C!
has a carbon-centered radical in its a position and two
carbonyl groups in a f position, whereas C' has a
carbon-centered radical and a carbonyl group in an a
position and another carbonyl group in a 8 position.
(d) NMR Studies of the CCT Pathway in DMI.
NMR studies were performed to identify the nature of
the vinyl group in the DMI oligomers. The regions of
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Figure 12. Catalytic chain transfer process involving a monomeric radical resulting in the formation of dimethyl mesaconate

(C) and dimethyl citraconate (G).

the 'H NMR spectra attributable to alkene protons
produced by the hydrogen abstraction from the growing
radicals is shown in Figure 8. The two regions of
resonances have been labeled “E isomers” and “Z
isomers” reflecting the stereochemistry of the ester
functions (—CO,Me) attached to the alkene moiety. The
assignments made in Figure 9 are obtained from
detailed analysis of the 2D NMR spectra. The key
question to answer was at which carbon in the terminal
unit of the oligomer/polymer did hydrogen abstraction
occur? There are two possibilities which, in the case of
a dimer, can lead to species of types A and F (both
observed—from pathway 1) or types J and K (not
identified in the mixture—from pathway II). For ex-
ample, species A is assigned fully starting from the
alkene proton at 6.776 ppm and attached carbon at
129.0 ppm (labeled 1). Although an apparent singlet,
this resonance shows clear cross-peaks in the COSY
spectrum (see Figure 10) to protons at 3.132 and 3.206
ppm which are attached to a carbon at 35.2 ppm (labeled
2) suggesting the protons of types 1 and 2 are separated
by four bonds. In the HMBC spectrum (see Figure 11),
proton 1 shows clear cross-peaks to carbon 2 as well as
the carbonyl carbons attached to the double bond, but,
significantly, no correlation to the aliphatic methyl
carbon (labeled 3). Similarly, the aliphatic methyl
protons (3) do not correlate to any alkene carbons, but
only to those carbons within three bonds as expected.
The methylene protons labeled 2, and indeed all protons
within A, show correlations to every carbon within three
bonds. That A is the E isomer is apparent from three
pieces of data: (i) the NOESY spectrum shows only a
very small NOE (<0.5%) between protons labeled 1 and
2; (ii) the couplings through two and three bonds
between the alkene proton and both of the carbonyl
carbons attached to the double bond are small (<6 Hz)
implying neither of them is trans to the alkene proton;
(iii) the chemical shift is consistent with this E stereo-
chemistry.

Although a complete assignment of protons and
carbons in compound F was not possible due to overlap
and low intensity of cross-peaks, the pattern of cross-
peaks in the HMBC spectrum involving the groups
labeled 1, 2, and 3 mirrors that observed in compound
A suggesting that it is the opposite isomer. That F is

the Z isomer is confirmed by the following facts: (i) the
NOESY spectrum shows a sizable NOE (ca. 3.2%)
between protons labeled 1 and 2; (ii) the coupling
between the alkene proton and one of the carbonyl
carbons attached to the double bond (168.6 ppm) is large
(ca. 11 Hz), implying this carbonyl is trans to the alkene
proton; (iii) the chemical shift is consistent with this Z
stereochemistry.

The key to identifying structures of types J and K,
arising from reaction pathway I1, would be in the HMBC
spectra, where a cross-peak from an aliphatic methyl
group to the protonated alkene carbon would be ob-
served along with a correlation from the alkene proton
to the aliphatic methyl carbon. No species generating
this distinctive pattern could be clearly identified sug-
gesting the amount of these compounds is nil or very
small. A small amount of J and K may be present, for
example, a low intensity, highly overlapped alkene
proton peak at 6.673 ppm shows a correlation to a
methyl group in the HMBC spectrum; this may be
consistent with structure J, but could not be clearly
assigned. The preference for the hydrogen-abstraction
reaction leading to structures of types A and F (pathway
1) over types J and K (pathway II) is clear and a
conservative estimate would place at least a factor of
10 preference and possibly very much more than this
amount.

Compounds C and G (see Figure 12) have been
identified as dimethyl mesaconate and dimethyl citra-
conate, respectively. Deriving the structure from the
NMR data is straightforward and the values obtained
agree well with literature data.232 These two molecules
are produced from a hydrogen-abstraction reaction
involving a monomeric DMI radical. From the low
observed polymerization rate (only ~66% conversion
after 52 h) and relatively small amounts of C and G, it
can be concluded that the hydrogen abstraction leading
to C and/or G is much slower than the hydrogen
abstraction from the o-methyl group which results in
the formation of monomer. The presence of compounds
C and G is interesting as a hydrogen-transfer reaction
to these compounds potentially leads to a secondary
radical, which could undergo a Co—C bond formation
reaction and hence lead to (reversible) catalyst deactiva-
tion. However, it is unlikely that this process plays a
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significant role as both vinyl compounds are very
sterically hindered, making a hydrogen transfer reaction
unlikely and any possible hydrogen transfer would most
likely occur to the least hindered carbon atom, which
would then result in a tertiary radical rather than a
secondary radical. Finally, it should be noted that
species E gives a pattern almost identical to that for C
in the HMBC and is clearly very similar. It is unclear
what the difference is at this point.

In a fashion similar to that outlined for A and F,
detailed analysis of the NMR data shows that species
B, D, and H are consistent with being the trimer with
E, tetramer with E and trimer with Z stereochemistry,
respectively. Resonances for B were fully assigned but
only partially assigned for D and H.

Integration of the entire “E isomer” region vs the
entire “Z isomer” region gives a relative intensity of 5.1:
1. Integration of the E/Z pair consisting of compounds
A and F gives a ratio of 9.34:1. Overall, the present
NMR study suggests that the hydrogen-abstraction
reaction proceeds via pathway | and favors production
of the E isomer over the Z isomer by a factor of between
5 and 10:1.

In summary, it can be concluded that the hydrogen
abstraction step in the CCTP of DMI involves the
hydrogens in the a-substituent of the radical rather
than backbone hydrogens and that the product contains
predominantly E isomers.

Conclusions

In this study, we attempted to clarify the role of
monomer substituent effects in catalytic chain transfer
polymerization by using two hindered monomers, in
which steric hindrance would potentially lower the
chain transfer rate coefficient further than that expected
from monomer viscosity effects. t-BMA displayed be-
havior very similar to other methacrylates, in that the
approximate relationship given by eq 1 provided a
reasonable description for this system. However, the
difference between the observed chain transfer rate
coefficient and that expected from simple viscosity
arguments borders on being significant and may indi-
cate that direct steric hindrance in the hydrogen-
abstraction reaction plays a role.

The results obtained for the CCTP of DMI allow for
a less speculative discussion. It was found that DMI
undergoes a similar CCTP as compared to the meth-
acrylates, i.e., the abstraction of a hydrogen atom from
the o-substituent (with an overwhelming preference to
form the E isomer) followed by hydrogen initiation of a
monomer molecule. High chain transfer constants are
observed, but the resulting value for ki is about 2 orders
of magnitude lower than that for MMA under similar
conditions. This value cannot be explained in terms of
our postulated relationship between ki and the mono-
mer viscosity (eq 1) and thus suggests a more pro-
nounced substituent effect. As yet it is not clear whether
this effect is caused by a direct interaction between
radical substituent and the cobalt center or whether the
large substituents lead to a stiffer polymer chain and a
corresponding reduced segmental diffusion rate.
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